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Multicellular organisms provide an important ecosystem for bacteria to live and 
thrive upon, and in return, they support the host in many aspects, like protection from 
pathogens and enhancing digestion. The microbiome has been found to have profound 
effects on host health. A complex problem to tackle is understanding how the microbial 
community fails to recover after a disruption, such as antibiotic-associated enterocolitis in 
patients. Temporary domination of the community after disruption by one pioneer species 
is commonly observed, but the impact of this is unclear.  Application of ecological theories 
may lead to more accurate prediction of such negative side effects. In this study, the fish 
skin microbiome of Gambusia affinis was physically disrupted and three different pioneer 
species were seeded. A pioneer is the first organism dominant in abundance after a 
community disturbance during community succession. Community biochemical profiles 
were measured by 25 different tests and community composition was observed by 16S 
rRNA gene sequencing. At 240 hours in recovery, community composition was different 
for all three treatments, suggesting a foundation effect for each of the pioneers.  These 
results suggest pioneer species may act as foundation species by modulating the ecosystem, 
and thus affect the final recovery community structure. This suggests application of 
selected probiotics after disruption allow prevention of negative side effects by changing 
climax community composition. 
KEY WORDS:  Microbiome, Pioneer species, Foundation species, Disruption, Natural 
pioneer, Introduced pioneer, Succession, Microbial ecology, Resilience.
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All living organisms interact closely among each other, and a specific type of 
interaction of increased recent scientific interest is the interaction between multicellular 
organisms and bacteria.  Multicellular organisms provide an important ecosystem for 
bacteria to live and thrive upon, and in return, they help the host in many aspects, such as 
protection from pathogens, and enhancing digestion (Aidy et al., 2013; Mach et al., 2015; 
Theriot & Young, 2013).  The microbiome (i.e., microbial community, or microbiota) 
refers to both the microorganisms in the environment and the gene pool of the 
microorganisms in the environment.  The importance of these microorganisms and the 
interactions between them and the host are critical in many aspects of the development of 
the host (D’Argenio & Salvatore, 2015; Van et al., 2015).  Bacteria and the host benefit 
from each other in a symbiosis. Currently, the microbiome is a highly active and 
expanding area of research, with over 12,000 publications between 2013 and 2017 on just 
the gut microbiome (Cani, 2018). 
To gain a better understanding of the close interactions between humans and 
microbiomes, the National Institutes of Health (NIH) funded the Human Microbiome 
Project (HMP, 2012), with the primary task to categorize and generate a “map” of the 
composition of the microbiome of healthy individuals.  Initially, the HMP (2012) 
reported minimal information of the intricate interaction of the human host and the 
bacteria living on them, yet it gave insights into the complex symbiotic relationship 
between humans and bacteria.  One of the most important findings of the HMP (2012) 




body location (such as the tongue) and how gene copy numbers representing pathways 
are stable even when the variance of bacterial composition is dramatic.  These findings 
suggest that the metabolism (such as lactose fermentation) of community members is 
more important than the species identification. Also, the data indicate how the 
community composition of samples from body sites cluster together, such as 
communities from the intestine are more related to each other than to skin (Gilbert et al., 
2018, HMP, 2012).  Through quality inquiry and research over time, the HMP reported 
important information that expanded the human microbiome project, which focuses on 
understanding the variation of microbes among healthy individuals to find signature 
species in their respective microbiomes.  The findings of the original HMP (2012) 
allowed researchers to understand the importance of these symbiotes and how crucial 
these organisms are for daily body functions. Although microbiomes can be quite 
complex and have a close relationship with their hosts, examining microbiomes from an 
ecological perspective and using ecological theories could help researchers discover 
patterns to understand the system on a broader level. 
Theories 
Disruption 
One complex problem is understanding the effects a disruption has on the 
microbiome community.  The stability of the microbiome plays an important role in the 
host, and many researchers have reported that disruption of the microbiome can cause 
disease of the host.  A common form of disruption of the microbiome is the use of 
antibiotics.  Rising problems with the use of antibiotics are Clostridium difficile 




have reported that antibiotics can significantly shift the microbiome community structure 
by lowering overall diversity and losing rare species of bacteria that could irreversibly 
affect the host’s microbiome (Dethlefsen et al., 2008; Rebecca et al., 2018; Simon et al., 
2015; Zaura et al., 2015).  Certain species of bacteria are targets of the antibiotic, 
allowing other species the advantage by decreasing competition within the environment.  
The exact mechanisms by which these problems arise are not well understood because of 
the variability of the microbiome from human to human (Dethlefsen et al., 2011).  
Clearly, antibiotics can have a large effect on the host because microbiome dynamics 
remain poorly understood.   
A consistent trend following disruption of the microbiome is loss of microbiome 
diversity, and more intriguingly, often a bloom of one specific taxon dominates the 
community temporarily (Brumlow et al., 2019). A credible theory on how microbiome 
communities recover after disruption is still lacking.  Shaw et al. (2019) suggested 
examining microbiomes using a stability landscape framework where microbiome 
communities are not fixed, but dynamic.  Forces (disruptions) can act on microbiome 
communities, shifting communities from equilibrium into a different position on the 
landscape.  The type of disruption is continuous (presses) or sudden (pulses) and affects 
where the microbiome will shift on the landscape because presses and pulses create 
different degrees of disturbance.  A course of antibiotics can be thought of as a press 
disturbance that affects the microbiome.  Antibiotic treatment can have a range of effects 
on the host because host heterogeneity is another factor that adds complexity to the 




associated microbiome disruptions can be challenging and complex because of the 
overall effects on the microbes and the host. 
Succession (predictable changes of species composition over time due to disruption or 
disturbance) 
The process of primary succession refers to an event where organisms first 
colonize a virgin habitat (Walker et al., 2011).  Primary succession is an important event 
because the pioneer species that first colonize the habitat could modulate the successions 
until the shifting communities stabilize (Walker et al., 2011).  In mammals, primary 
succession begins shortly after birth with inoculation from the birth canal (Pantoja et al., 
2013), and during breast-feeding (Van et al., 2015).  However, controversy over first 
succession in mammals with the discovery of the maternal microbiome and its effects on 
development exists (Gritz and Bhandari et al., 2015; Macpherson et al., 2017, Pronovost 
et al., 2018).  Primary succession is important because the pioneer species that colonize 
the community help shape the environment, but researchers have reported that 
microbiomes display large shifts in their abundances and compositions in the early stages 
of weaning (Koenig et al., 2011).  When established microbial communities are 
disrupted, the process of secondary succession occurs.   
In secondary succession, a pioneer species is defined as one that better adapts and 
dominates after the disturbance.  Recovery of microbiomes after disruptions is difficult to 
predict given the complexity of the communities and host/microbe interactions.  A 
potential complication in humans after antibiotic treatment is CDI, and this infection can 
be seen as a pioneer species effect because C. difficile is pre-existing in the patient gut at 




microbiome composition does not return to normal during CDI, and typically the host 
becomes more susceptible to future CDI, suggesting persistent abnormalities of the 
community (Theriot & Young, 2015).   
As described by Collen and Slatyer (1977), disruptions or disturbances that affect 
the community can make prior occupied spaces available by lowering total richness.  
Following disruption of the microbiome, domination by one taxon is common and in 
many mammalian gut models, a transient Enterobacteriaceae bloom has been noted, 
which reduces the alpha diversity (the total number of species present) of the gut 
microbiome (Zhu et al., 2018).  The mechanisms driving these taxa blooms are not well 
understood, nor is how the climax community remains susceptible after disruption.  
However, a current theory by Winter et al. (2013) and confirmed by other researchers is 
that gut inflammation drives an increase in reactive oxygen and nitrogen species, such as 
hydrogen peroxide or nitrate (Spees et al., 2013; Zheng et al., 2017). Further increase of 
these chemicals serve as alternate electron acceptors to give Enterobacteriaceae more 
efficient metabolism than other gut taxa (mostly obligate anaerobes that only ferment) 
and thus a survival advantage.  Further Zhu et al., (2018) has provided a possible 
treatment based on Winter’s theory. Tungstate, which blocks usage of these electron 
acceptors by inhibiting the electron transport chain, prevented the Enterobacteriaceae 
bloom in mice following induction of gut inflammation by dextran sulfate sodium.  An 
increase in abundance of certain bacteria in the environment drives a specific set of 
pathways that generate or degrade a specific set of metabolites (El et al., 2013; Nobel et 
al., 2015).  Furthermore, even short-term use of antibiotics can possibly promote 




cardiovascular disease, and immune dysregulation (Buffie et al., 2012; Lau et al., 2017; 
Ni et al., 2017). 
Resilience 
Many researchers have published on the importance of maintaining a balance 
between the host and its microbiome to maintain the host’s health (Greenblum et al., 
2012; Scher et al., 2015; Singh et al., 2017; Wu et al., 2011).  These findings strongly 
support the importance of maintaining stability in the microbiome composition as 
disruptions can have adverse effects and impact the host’s health.  Interestingly, a high 
degree of functional redundancy has been reported in microbiome studies (Jorth, 2014; 
Lozupone et al., 2012) and even some researchers have argued to apply Waddington’s 
(1942) view of an epigenetic landscape (Moya & Ferrer et al., 2016) to the microbiome 
with phenotypic changes from birth to death.  Unlike mammals and plants, bacteria have 
the ability to dramatically change their “food source” based on their environment, which 
makes microbiomes even a more complicated and intricate system to study.  In ecology, 
the resilience refers to the capacity of the community to resist change in composition and 
function from a disruption and the speed of recovery from the disruption of the 
disturbance (Folke et al., 2014; Holling, 1973; Tilman & Downing, 1994).  
Many questions remain when trying to apply community ecology to understand 
what happens in microbiome disruption. What effects the transient bloom of pioneer taxa 
have on the future microbiome is still unclear. In ecology, the term foundation species 
refers to a species that has a strong role in structuring a community.  Their role in the 
community is defined by: 1) being numerically abundant and dominating the biomass of 




community, with many interactions with multiple other species and 3) having interactions 
that usually reflect non-trophic or mutualistic relationships (Ellison, 2019).  By having a 
central role in the community and numerous interactions (directly or indirectly) with 
other species, foundation species should heavily affect nutrient cycling in the ecosystem.  
Thus, the presence or absence of a foundation species would strongly affect community 
composition and function. 
In this study, I used the freshwater species Western mosquitofish from the 
Poeciliidae family, Gambusia affinis, as a model organism to investigate the microbiome 
mucosal surfaces. This model allows for easy manipulation of the skin mucosal 
microbiome, thus allowing me to experimentally introduce selected pioneer species and 
observe the effects.  The fish are vertebrates and, thus, have acquired immunity like 
humans, which strongly affects host-microbiome interactions (Gaulke et al., 2019; 
Kayama & Takeda, 2016; Shi et al., 2017; Wang et al., 2019).  I was interested in 
mucosal surfaces because these surfaces harbor larger numbers of bacteria and more 
closely interact with the host.  In humans, mucosal microbiomes include the gut, lung, 
urinary, and reproductive tracts.  
Historically, Gambusia was introduced and spread in North America by humans 
to aid with control of mosquito population by eating larva (Pyke, 2008).  This fish has 
been used to study the evolution of mating behavior (Chen et al., 2018; Hou et al., 2018), 
biology of aquatic invasive species (Bickerton et al., 2018; Gao et al., 2019), and 
toxicology of small fish (Hou et al., 2017; Lee et al., 2017), and with its genome 
published to facilitate genetic studies (Hoffberg et al., 2018).  In this study, the Gambusia 




has no residual effect, unlike antibiotics.  The ability to challenge the fish mucosal 
microbiome with a selected pioneer species after rinse disruption provides a rather unique 
vertebrate system which could be useful to follow specific trends and shed light on how 
the pioneer species may act as foundational to affect climax community composition and 
function.  Further, understanding this principle may allow researchers to take a more 
accurate approach on choosing probiotics to restore disrupted microbiomes. 
Hypothesis/Objectives 
Hypothesis #1 
Climax community composition is affected by the pioneer species, i.e. the pioneer 
acts as a foundation species. 
After disruption of the stable microbiome community, specific bacteria species 
can take advantage of the open niches and proliferate because of the lack of competition.  
When Gambusia were treated with the broad-spectrum antibiotic rifampicin, one 
Operational Taxonomic Unit (OTU) (identified as genus Myroides) became more than 
60% of the abundance of the skin microbiome on day two of recovery, and then fell to 
1.2% abundance after one week (Carlson et al., 2017). The pioneer species temporarily 
dominated the bacterial community, which suggested that it could be a major driving 
force in the overall environment.  Certain biological functions or pathways could be 
enhanced during this pioneer effect, possibly bringing different successions, depending 
on the pioneer functional role.  Specific metabolic pathways could be possible key factors 
that determine the climax community composition, suggesting that similar microbiome 
composition will not recover equally, depending on the functions of the particular 




example, in the human vagina, Lactobacillus can colonize, which then generate lactic 
acid from glycogen secreted by the human epithelium, which in turn drives down the pH 
to allow only certain species to later thrive (Tachedjian, et al., 2017). Thus, Lactobacillus 
acts as a foundation species based on this metabolism. Alternatively, because the high 
abundance of the pioneer is transient, it may not have a strong effect on the climax, 
recovered community composition. 
Hypothesis #2 
The climax community biochemical functions are affected by the pioneer species. 
Stable bacterial communities tend to have a high diversity of species of bacteria 
with some abundant “dominant” species.  Once this community is disturbed, the pioneer 
species has the ability to thrive in the environment, and it could be imposing a driving set 
of metabolic activities in the environment.  For example, a nitrate-reducing pioneer may 
significantly change nitrogen metabolism in the recovering microbiome as it removes 
nitrate and generates nitrite, which would then benefit bacteria that utilize nitrite. Because 
the pioneer species has specific metabolic capabilities, it could control succession and be 
a selective factor in the resulting biochemical composition of the climax community. 
Again, alternatively, because the high abundance of the pioneer is temporary, the 
community may be resilient, and the pioneer may have little effect. 
Hypothesis #3 
Pioneer effects on the climax community composition and function will be 




If hypotheses one and two are supported, then hypothesis three becomes probable.  
Biochemical activities of each pioneer will be determined and used to predict effects. 






Proof of Principle (E.coli Chapter) 
Understanding foundation species effect is quite challenging.  A widely used tool 
in microbiology is Escherichia coli (E.coli).  In this study, we used E.coli strain K-12 
MG1655 because it is non-pathogenic, widely used in laboratories across the world, is a 
primary model for basic bacterial biology, has many strains with whole genomes 
sequenced, and has available a full collection of knockout strains from the “E.coli 
Genome Project” (Blattner et al., 1996).  The genus Escherichia is in the class 
Gammaproteobacteria and is rarely present in low abundance in the skin microbiome of 
G. affinis (Brumlow et al., 2019; Carlson et al., 2015; Carlson et al., 2017).  By 
artificially introducing and making K12 a pioneer after disruption of the fish microbiome 
community, we tested the principle of foundation species, and so directly experimentally 
asked the question: does our selected K12 pioneer act as a foundational species during 
recovery? 
Materials and Methods 
Animal Model 
Gambusia affinis has been used as a model organism for mating behavior in other 
studies, but in this study, we used the fish, G. affinis, to model a mucosal microbiome 
because fish naturally have a mucus layer on their skin that can be easily manipulated 
(Brumlow et al., 2019; Carlson et al., 2015; Carlson et al., 2017).  Fish were obtained 
from a pond in Walker County, Texas and identified by eye. In several previous studies, 
researchers have utilized this pristine field (low human impact) site (Brumlow et al., 




dip net during capture to ensure that the natural skin microbiome was minimally 
disturbed. Fish were acclimated to the lab in buckets where they were kept for 2-3 days 
with a feeding pattern of 5 mg/fish to get them acclimated to the food.  Afterwards, the 
fish were maintained in 20-gal aquaria with 12 h light/12 h dark cycles at 23–25 °C. 
Before the start of any experiment, the fish were acclimated for at least 12 days in the 
aquarium, which results in highly similar skin microbiomes between fish (Carlson et al., 
2015).  Fish were fed daily with 5 mg per fish of TetraFin flake food. During 
experiments, fish were held in artificial pond water (APW) that consisted of 0.33 g/L 
CaCl2, 0.33 g/L MgSO4, 0.19 g/L NaHCO3 in deionized water, which was sterilized by 
autoclaving prior to usage. All animal experiments were under approved SHSU IACUC 
protocol 18-09-25-1018-3-01. 
Fish Microbiome Extraction and Culture 
To extract the skin microbiome, using a VWR® Standard Heavy-Duty Vortex 
Mixer (catalog#: 97043-562), the fish were vortexed at maximum speed (3200 rpm) in a 
sterile 15 mL conical tube in 2 mL of PBST (137 mM NaCl, 10 mM phosphate, and 0.1% 
Tween 20, pH 7.4) for 1 minute, pausing shortly every 10 seconds (Brumlow et al., 2019; 
Carlson et al., 2015, Carlson et al., 2017).  For colony counts, tenfold serial dilutions of 
skin extract were made in PBST, and then 100 µL aliquots were spread onto Nutrient 
Agar (NA) (7.5 g/L of Bacto agar, 2.5 g/L of peptone, and 1.5 g/L of beef extract) plates.  
In a previous comparison of ten types of media, NA displayed the highest counts and the 
most consistent numbers from fish skin. Selective and differential plates were used to 
count pioneer persistence in the fish mucosal microbiome.  The plates were checked after 





For physical removal of the skin microbiome of G. affinis, a rinsing method was 
used as a strong disturbance.  This method consists of a series of rinses, which 
mechanically removes the microbiome from the mucus layer on the fish skin (Brumlow 
et al., 2019).  Using a VWR® Standard Heavy-Duty Vortex Mixer (catalog#: 97043-
562), each fish was vortexed at maximum speed (3200 rpm) serially four times in a sterile 
15 mL conical tube in sterile 2 mL PBST (137 mM NaCl, 10 mM phosphate, and 0.1% 
Tween 20, pH 7.4) for 20 seconds, pausing shortly second at 10 seconds, and then placed 
in their corresponding APW bucket. (Brumlow et al., 2019).   This rinsing method of 
disturbance was used because it is a strong disruption that has no residual effects.  Also, 
after disruption, the researcher will be able to introduce selected pioneer species in the 
water column.  Each experimental fish was rinsed and placed in sterile APW for recovery 
where they were sampled later.  Mortality is low during this procedure as derived by 
examining previous experiments (Brumlow et al., 2019). 
K12 Inoculation 
K12 was grown in nutrient broth (NB) at 25°C overnight.  K12 overnight growth 
was quantified by measuring the optical density at 650 nm.  Then, a clean 2.5-qt. 
polyethylene bucket (HDX Model # 05M3HDX) containing 2 L of sterile APW was 
inoculated with K12 at a calculated OD650 of 0.05.  After rinsing, the fish were exposed 
to K12 in the water column for 8 hours to allow the pioneer species to invade the skin 
microbiome. Afterward, the fish were transferred to fresh APW for recovery where they 
were sampled at later time points.  Mortality was low, as expected, during this procedure 





Differentiation of the pioneer species was a crucial component of this experiment 
in order to track persistence in the microbiome community.  Differential and selective 
media were used to count pioneer species apart from the rest of the microbiome 
community. Preliminary data to selectively grow the potential pioneer E. coli from a fish 
microbiome sample suggest that xylose-lysine-deoxycholate agar (XLD) plates incubated 
at 44 °C will grow E. coli, but it does grow not any background fish skin bacteria. This is 
highly selective for K12 because XLD contains high levels of three sugars, totaling 18.75 
g/L, along with 5 g/L of NaCl and 2.5 g/L of the bile salt deoxycholate. Adding in the 
high incubation temperature, this media is very stressful to membranes, and few bacteria 
can adapt to it and grow. Also, metabolic tests were used to further confirm presence of 
the chosen pioneer species.  For K12, this meant random selection of suspected colonies 
from plates, and confirming they were Gram negative, rod-shaped, and lactose positive. 
Biochemical Analysis 
To determine the microbiome function profile, using a VWR® Standard Heavy-
Duty Vortex Mixer (catalog#: 97043-562), skin microbiome communities were extracted 
by placing a one fish per time point in a 15 mL conical tube with 5 mL of sterile saline 
water (0.85% NaCl).  Each fish was vortexed at maximum speed (3200 rpm) for 1-minute 
pausing shortly for 1 second every 10 seconds, then the fish was removed aseptically 
from the tube and placed in a recovery aquarium where the fish was not resampled.  Fish 
skin extract was inoculated into the Microgen A+B system.  A total of 100µL were 
placed into each well, and wells 1, 2, 3, 9, and 24 were overlaid with 100µL of sterile 




this method is that while a positive result in this test indicates that the community has a 
certain biochemical capability, it does not prove that this function is active while the 
community is actually on the fish skin. So, it demonstrates possibility, not in situ results. 
Experimental Design 
All fish were collected from the same aquarium tank to ensure minimal starting 
community variance (homogeneity).  A total of ~80 fish were used for this study, where 
20 fish were required per group.  Experimental and control groups were rinsed and 
transferred to the appropriate APW bucket (with bacteria and with no bacteria) as groups.  
The experimental group was incubated for 8-hours (Fig. 1 Experimental group [E]) with 
pioneer species and then transferred to a clean APW bucket for recovery.  The control 
group [C] was incubated for the same amount of time in sterile APW, then transferred 
into a clean APW bucket for recovery.  As a further comparison, one group of fish was 
not rinsed (in figure labeled as “Not Rinsed [NR]”), but these fish went through the same 
transfers as the experimental and control groups.  Major samples were collected pre-
treatment (PT), post-rinse (PR), after an 8-hour incubation, which confirms levels of 
pioneer introduction, 48-hours in recovery (to represent mid-recovery), and 240-hours in 
recovery (to represent final recovery). Comparing the microbiome composition and 
function of the 240-hour experimental group to the 240-hour control group should 
confirm or deny hypotheses one and two. Comparison across multiple experiments with 










Figure 2  Flowchart summarizing the major concepts of the study. 
 
Microbiome 16S rRNA Extraction and Amplification 
For 16S rRNA gene profile analysis, were microbiome was extracted from the 
fish using the protocol above, then bacteria were pelleted by a 2-minute spin in a 
centrifuge at room temperature at top speed (14,000 rpm).  The pellet was frozen and 
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the PowerSoil DNA isolation kit (MO BIO Laboratories) following manufacturer’s 
instructions.  The company Mr.DNA (www.mrdnalab.com, Shallowater, TX) was used 
for 16S gene sequencing using PCR primers 515F/806R (5’-
GTGCCAGCMGCCGCGGTAA-3’/5’-GGACTACHVHHHTWTCTAAT-3’) on the 
sequencing platform Ion Torrent PGM Ion S5/XL.   
Data Analysis 
R version 3.6.3 (2020-02-29) was used with R Studio version 1.2.5033.  All 
figures were generated using ggplot2 package version 3.2.1 (Whickman, 2016).  Exact 
Sequence Variants (ESV) were generated using the dada2 package version 1.14.0 
(Callahan et al., 2016) for a total of 692 of ESVs.  Rarefaction curves were generated 
using ggrare from ranacapa package version 0.1.0 (Gaurasv, 2019).  Taxonomic 
classifications were assigned by IdTaxa using the Ribosomal Database Project (Cole et 
al., 2014) release version 16 released March 2018 by the DECIPHER package version 
2.14.0 (Wright, 2016).  Before analysis was performed, ESVs that matched Archaea, 
Eukarya, or unidentified at the level of domain (no database match) were filtered out, for 
a total of 502 ESVs.   
The phyloseq package version 1.30.0 (McMudie & Holmes, 2013) and the 
microbiome package version 1.9.95 (Lahti et al., 2017) were used to generate multiple 
measures.  Observed and Shannon Diversity Indices (SDI) for all samples and all groups 
at the ESV level and genus level were generated through the estimate_richness function 
in the microbiome package. NMDS using Bray-Curtis dissimilarity was generated using 
ordinate function in the phyloseq package to visualize differences between the 




analysis of Bray-Curtis diversity among groups was analyzed by the adonis function in 
the vegan package version 2.5-6 (Oksanen et al., 2019).  Furthermore, SIMPER analysis 
via simper function from vegan package was used to assess taxon driving community 
differences.  Normality was measured by shapiro.test function; a significant p-value 
indicates a non-normal distribution and variables were tested based on normality. 
K12 May act as a Foundation Species 
Results 
Total Bacterial Load Counts Throughout the Experiment 
Total bacterial load was obtained by platting on nutrient agar (NA) plates to 
assess a baseline for initial community composition.  Baseline carrying capacity of the 
fish skin was determined by pre-treatment sampling of CFU.  As shown in Figure 3, the 
total bacterial load trend of overgrowth is consistent with previous experiments 
(Brumlow et al., 2019, Carlson et al., 2017).  Bacterial load peaks at around 48 hours 
after microbiome disruption and bacterial CFU returns to pre-treatment levels at around 
240 hrs.  The effect the rinse protocol had on composition of the fish skin microbiome 
was quantified by CFU numbers immediately after disruption.  As shown in Figure 5, the 
fish skin microbiota is severely depleted after the rinse protocol by lowering counts from 
2.40±0.16 x 105 CFU/g fish weight to 9.14±2.69 x 104.  The rinse protocol depleted the 
fish skin microbiome by ~ 97% of pre-treatment levels which is consistent with previous 
experiments (Brumlow et al., 2019), showing a major disruption of the fish skin 
microbiome. 
As shown by Figure 3, fish skin bacterial load peaks after disruption at around 48 




2019).  The bacterial load at pre-treatment CFU level was 2.40±1.63 x 105 and the 
experimental CFU level was 5.97±5.63 x 107.  CFUs number increased by ~2500% from 
the baseline.  In the control group the average at 48 hours was 2.95±3.78 x 108, which is 
~ 12,300% increase in the carrying capacity of the fish skin microbiome.  Final 
community composition was determined based on pre-treatment bacterial load at the 
beginning of the experiment. There was no difference among pre-treatment and 
experimental, control and not rinsed treatment at 240 hours (Figure 6).  After 240 hours 
of recovery after rinse disruption, the CFU counts returned to pre-treatment levels 
indicating the carrying capacity of the fish skin mucosa had returned to normal condition, 
which is consistent with previous experiments (Brumlow et al., 2019, Carlson et al., 






Figure 3  Normalized fish skin CFU by fish weight over time. 
n = 15 per treatment, and each data point is the mean with standard deviation of a group 
























Table 1  Tracking of introduced pioneer K12 by plating CFU. 





K12 -24 2399151 210180 NA 
K12 -24 0 0 XLD44 
K12 0 91409 26863 NA 
K12 0 0 0 XLD44 
K12 8 14705882 0 NA 
K12 8 1715686 712051 XLD44 
K12 24 3993808 43784 NA 
K12 24 20650 8012 XLD44 
K12 48 29444444 28625224 NA 
K12 48 0 0 XLD44 
K12 72 120359281 0 NA 
K12 72 0 0 XLD44 
K12 144 16181818 4885465 NA 
K12 144 0 0 XLD44 
K12 240 5162659 2220335 NA 





Figure 4  CFU comparison of total counts on NA and XLD44 selective for E.coli K12.  





Figure 5  Boxplot of CFU normalized by fish weight showing Pre-treatment and Post-
Rinse treatments.   
Data are not normal (Shapiro test; p = 0.00086).  Difference between Pre-Treatment and 
Post-Rinse groups was near the significance cut off (Wilcox; p = 0.054).  Boxplots show 
values for median, upper and lower quartile, and whiskers represent interquartile range of 





Figure 6  Boxplot comparing pre-treatment samples and 240-hour samples of normalized 
CFU counts per fish weight. 
Data are normal (Shapiro’s test; p = 0.392). Community counts (total bacterial load) 
among the groups are not significantly different (One-Way ANOVA; p = 0.22; N = 2 per 
group). 
 
Fish Skin Microbiome 16S rRNA Coverage and Alpha Diversity 
The V3-V4 region of the 16S rRNA was sequenced to gain an insight into the 
bacterial communities at time points: pre-treatment, 8-hours into recovery, 48-hours in 
recovery, and 240-hours into recovery, and the DADA2 pipeline was used to gain insight 
into community composition.  Sampling completeness was visualized by rarefaction 
curves that seem to plateau indicating sufficient sampling (Figure 7).  Good’s coverage 
was measured for every sample with an average Good’s coverage of 99.854 +/- 0.215 




of 529 ESVs identified in all 28 samples (total gamma diversity).  Shannon’s diversity 
index (SDI) quantifies a combination of community diversity and evenness (distribution 
of species).  SDI was calculated for each sample (Table 3) and within groups (Table 4) at 
the ESV level.  Analysis was done by focusing on genus level identifications (the most 
accurate taxonomic level available with short 16S fragments) obtained by comparison to 
the RDP database.  A total of 169 classified genera were obtained across all 28 samples.  
SDI at the genus level is shown for each of the 28 samples (Table 5) and SDI average at 
the genus level for each group (Table 6).   
As shown in Figure 8, the observed number of genera at 240 hours is not 
significantly different among the Experimental, Control, and Not Rinsed treatments.  
Addition of E.coli as a pioneer species after disruption did not significantly change the 
alpha diversity (Kruskal-Wallis; p = 0.13).  By comparing SDI at 240 hours of the 
different treatments, the Experimental treatment has a significantly higher SDI in 
comparison to Control and Not Rinsed treatment (ANOVA; p = 0.0187; Tukey’s honest 













Table 2  Good’s coverage of the sequenced 16S V3-V4 for each sample. 








PT1 Pre-Treatment -1 50 88725 99.944 
PT2 Pre-Treatment -1 52 138830 99.963 
PT3 Pre-Treatment -1 41 89482 99.954 
C81 Control 8 43 64841 99.934 
C82 Control 8 33 48465 99.932 
C83 Control 8 46 60042 99.923 
E81 K12 8 43 40999 99.895 
E82 K12 8 51 52559 99.903 
E83 K12 8 47 57888 99.919 
NR81 Not Rinsed 8 33 9498 99.652 
NR82 Not Rinsed 8 28 5534 99.494 
NR83 Not Rinsed 8 19 1690 98.876 
C21 Control 48 53 51569 99.897 
C22 Control 48 50 55450 99.910 
C23 Control 48 39 72040 99.946 
E21 K12 48 43 75599 99.943 
E22 K12 48 51 52794 99.903 
E23 K12 48 32 82570 99.961 
NR21 Not Rinsed 48 34 58561 99.942 
NR22 Not Rinsed 48 35 38504 99.909 
C11 Control 240 42 39367 99.893 
C12 Control 240 42 54282 99.922 
C13 Control 240 45 56727 99.921 
E11 K12 240 55 37433 99.853 
E12 K12 240 40 39323 99.898 
E13 K12 240 46 33974 99.865 
NR11 Not Rinsed 240 33 46653 99.929 












Table 3  Shannon’s Index of each sample at ESV level. 
Groups Time (Hrs) Treatment Shannon 
PT -1 Pre-Treat 0.354 
PT -1 Pre-Treat 0.298 
PT -1 Pre-Treat 0.339 
C8 8 Control 0.694 
C8 8 Control 0.624 
C8 8 Control 0.703 
E8 8 K12 0.253 
E8 8 K12 0.565 
E8 8 K12 0.331 
NR8 8 Not Rinsed 0.879 
NR8 8 Not Rinsed 0.925 
NR8 8 Not Rinsed 0.929 
C48 48 Control 0.504 
C48 48 Control 0.575 
C48 48 Control 0.541 
E48 48 K12 0.479 
E48 48 K12 0.431 
E48 48 K12 0.452 
NR48 48 Not Rinsed 0.497 
NR48 48 Not Rinsed 0.608 
C240 240 Control 0.862 
C240 240 Control 0.762 
C240 240 Control 0.793 
E240 240 K12 0.971 
E240 240 K12 0.974 
E240 240 K12 1.000 
NR240 240 Not Rinsed 0.559 


















Pre-Treatment -1 0.330 0.029 
Control 8 0.673 0.043 
K12 8 0.383 0.163 
Not Rinsed 8 0.911 0.028 
Control 48 0.540 0.036 
K12 48 0.454 0.024 
Not Rinsed 48 0.552 0.078 
Control 240 0.806 0.051 
K12 240 0.982 0.016 
























PT1 -1 Pre-Treat 0.324 
PT2 -1 Pre-Treat 0.279 
PT3 -1 Pre-Treat 0.273 
C81 8 Control 0.708 
C82 8 Control 0.638 
C83 8 Control 0.707 
E81 8 K12 0.275 
E82 8 K12 0.514 
E83 8 K12 0.356 
NR81 8 Not Rinsed 0.877 
NR82 8 Not Rinsed 0.942 
NR83 8 Not Rinsed 0.954 
C21 48 Control 0.472 
C22 48 Control 0.555 
C23 48 Control 0.533 
E21 48 K12 0.473 
E22 48 K12 0.436 
E23 48 K12 0.456 
NR21 48 Not Rinsed 0.480 
NR22 48 Not Rinsed 0.599 
C11 240 Control 0.801 
C12 240 Control 0.730 
C13 240 Control 0.753 
E11 240 K12 0.949 
E12 240 K12 0.975 
E13 240 K12 1.000 
NR11 240 Not Rinsed 0.554 
























Pre-Treatment -1 0.292 0.028 
Control 8 0.684 0.040 
K12 8 0.382 0.121 
Not Rinsed 8 0.925 0.041 
Control 48 0.520 0.043 
K12 48 0.455 0.019 
Not Rinsed 48 0.539 0.084 
Control 240 0.761 0.036 
K12 240 0.974 0.026 


















Figure 8  Strip chart of alpha diversity (# of genera) at 240 hours per treatment. 
Data are not normal (Shapiro test; p = 0.027).  Total number of genera is not significantly 















Figure 9  Strip chart of Shannon diversity index at 240 hours per group.   
Data are normal (Shapiro’s test; p = 0.495).  Shannon diversity is significantly higher in 
the experimental group compared to control or not rinsed groups at 240 hours (ANOVA; 
p = 0.0187; Tukey’s honest test; p = 0.049; p =0.021). 
 
Fish Skin Microbiome Predicted Biochemical Profile 
Fish skin community biochemical profile was measured using 25 different tests in 
the Microgen Biochemical Identification Kit A + B strips.  Predicted biochemical 
function was measured after 24 hours of incubation and results are shown in Table 7.  To 
visualize community differences in biochemical profiles, a PCoA was calculated using 
the results of each individual test (Figure 10).  Microbiome predicted function is similar 
among treatments within the same timepoint, and does not return to Pre-Treatment 





Table 7  Biochemical activity of fish skin microbiota at major sampling points.   
A total of 25 tests were recorded at each timepoint.  The Not Rinsed group at 240-hours 
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Figure 10  Principal components analysis of biochemical profiles across the major 
sampling points. 












Fish Skin Microbiome 16S Gene Analysis 
The ten most abundant genera from each sample were identified and their relative 
abundance is shown in Figure 11.  At 8-hours in recovery, only the Experimental 
treatment is heavily dominated by E.coli (shown in red, Fig 11), which is the pioneer 
species.  The genus Chryseobacterium is present in the pretreatment community, 
dominates all treatments at 48-hours in recovery.  It is a major community member at 
240-hours in recovery in all treatments and was identified as a major contributor to 
driving diversity in all treatments, but was not statistically significant (SIMPER, p>0.05). 
indicating it could be a foundation species.  The relative abundance in each sample of the 
five most abundant genera across the experiment is shown in Figure 12.  Core taxa are 
defined as taxa present in every sample.  Table 8 shows the core genera across all 
samples.  The relative abundance of each genus has a high variation across samples and 
the experiment.  Community beta diversity is shown in Figure 13.  Bray-Curtis distance 
was used instead of weighted UnifFac distance because samples are phylogenetically 
closely related and better community separation can be achieved.  At the 240-hour time-
point, all three treatments are close to each other, but the confidence intervals do not 
overlap.  Experimental and Control treatments are not statistically significantly different 
from each other at 240-hours (Figure 12; PERMANOVA; 𝑅2 = 1, 𝑝 = 0.1). Lack of 
significance may be due to not enough power of analysis (too few samples in each group) 
given the visualization. The next experiment employed more samples per group to 
address this issue (and significant differences were observed between the 240-hour 






Figure 11  Bar graphs of relative abundance of ten most abundant genera across all 
samples gathered by groups. 
For three taxa, the identification is accurate to the family level.  LCBD (local contribution 
to beta diversity) scores represent the degree of uniqueness of the composition of each 
sample compared to the rest of the dataset. At the top of the graph are group names (i.e. 
E8 is the pioneer E.coli K12 added, 8 hrs timepoint; and NR48 is non-rinsed at 48 hrs), 


















Table 8  Averages of core taxa at the genus level in every sample. 








Aeromonas 0.0063 0.0095 
Ancylobacter 0.0132 0.0188 
Bosea 0.0014 0.0021 
Brevundimonas 0.0586 0.0828 
Chryseobacterium 0.2390 0.2370 
Enhydrobacter 0.0171 0.0387 
Flavobacterium 0.0956 0.2440 
Niveispirillum 0.0235 0.1090 
Pseudoxanthomonas 0.0031 0.0044 
Reyranella 0.0232 0.0465 
Shinella 0.0017 0.0027 
Sphingobium 0.0035 0.0047 
Stenotrophomonas 0.0045 0.0056 
f_Aeromonadaceae 0.0012 0.0020 
f_Burkholderiaceae 0.0043 0.0073 
f_Enterobacteriaceae 0.0620 0.1870 
f_Flavobacteriaceae 0.0178 0.0241 
f_Pseudomonadaceae 0.0321 0.0536 
f_Rhizobiaceae 0.0065 0.0090 









Figure 13  NMDS of all genera comparing composition of communities across major 
sampling times. 
Each symbol represents the skin microbiome of one fish. Dashed lines indicate standard 
error of the community composition. 
 
Microbiome Composition and Water Chemistry 
API Freshwater Master Test Kit and Tetra EasyStrips 6-in-1 Aquarium Test Strips 
were used to measure the water quality for major sampling timepoints (Table 8).  Nitrate 
is at its highest in Pre-Treatment and it becomes undetectable after disruption.  Increases 
in ammonia, pH, and alkalinity are positively correlated with community composition 
changes during recovery after disruption over time, and Nitrite and Hardness are not 






Table 9  Environmental characteristics collected at major sampling points using API 




pH Ammonia Nitrate Nitrite Hardness Alkalinity 
Pre-
Treatment 
-1 7.4 0.5 10 0 250 3.5 
Control 8 7.0 2 0 0 120 3.5 
Experimental 8 7.0 2 0 0 120 2.5 
Not Rinsed 8 7.0 1 0 0 120 2.5 
Control 48 7.0 4 0 0 180 7.2 
Experimental 48 7.6 8 0 0 180 7.2 
Not Rinsed 48 7.0 1 0 0 180 7.2 
Control 240 7.6 8 0 0 180 7.2 
Experimental 240 7.6 8 0 0 180 7.2 
Not Rinsed 240 7.4 4 0 0 120 4.8 
 
Table 10  Correlation of water chemistry with community changes over time by 
regression.  
𝑅2 refers to how much of the data variation is explained by the variable, and the p-value 
is obtained from permutations (<999).  Changes Ammonia, pH, nitrate, and alkalinity 




pH 0.477 0.0002 
Ammonia 0.578 0.0001 
Nitrate 0.519 0.0004 
Nitrite 0 1 
Hardness 0.1 0.272 







Figure 14  NMDS of all genera showing the correlation of fish skin community 
composition and water chemistry across major sampling times. 














Fish Skin Carrying Capacity 
Fish skin microbiota can be impacted or disrupted in a relatively easy manner.  
The rinse effect is a strong pulse disruption that affects community stability because fish 
skin microbiota lose ~97% of their total CFU.  After severely affecting fish skin 
microbiota, secondary succession takes place until a stable climax community is reached.  
In ecology, climax communities are the last stage of succession, and are balanced and 
stable; however, bacterial climax communities are not defined or accurately known 
because bacteria are highly dynamic compared to plants or animals (Luzopone et al., 
2012).   
Pre-treatment fish skin bacterial load (CFU) was used as a basal level to assess 
community carrying capacity.  Carrying capacity is the population size that an ecosystem 
can sustain (Hui 2006).  Experimental and Control treatments were sampled right after 
disruption to assess fish skin bacterial load.  Experimental and Control fish had an 
average of 97% loss of bacterial CFU compared to Pre-Treatment levels.  The Not Rinsed 
treatment was transferred to APW and not did not go through the rinse protocol, yet water 
transfer caused a slight loss of bacterial skin CFU.  The fish skin CFU overgrowth 
phenomenon at ~48 hours is common after disruption of fish skin microbiota and 
commonly when domination by one taxon occurs (Brumlow et al., 2019, Carlson et al., 
2017).  Bacterial CFU peak at around 48 hours in recovery suggest microbiota are still 
disrupted, and 16S data shows the community heavily dominated by one taxon (the 
pioneer in secondary succession), yet bacterial CFU steadily decrease with time until they 




Treatment bacterial CFU, and bacterial CFU are not different at 240-hours indicating the 
carrying capacity of the fish skin returned to normal conditions, suggesting the climax 
community has been reached because of their stability.  Counts of E. coli from selective 
media correlated with abundance from 16S sequencing data, with K-12 only being highly 
abundant in the 8-24 hour timeframe, and after that, below detection limits for culture and 
very rare for sequence abundance. 
Fish Skin Microbiome Alpha Diversity 
Alpha diversity of each sample and in groups was determined by SDI.  SDI was 
used because it measures alpha diversity and evenness of the community from 0 to 1.  
Values closer to 1 are more diverse and more evenly distributed, and values closer to 0 
are less diverse and less evenly distributed.  SDI for each sample and average SDI by 
treatment and time are shown in Table 3 and Table 4 at the ESV level.  Taxonomic 
identification of genus level was used instead of ESV because genus level is the lowest 
taxonomic rank, and therefore, more accurate representation of the community.  A total 
of 169 genera were identified by using the RDP database.  At 8-hours in recovery, SDI of 
E.coli treatment is at its lowest, which is expected because it is heavily dominated by 
E.coli.   Furthermore, all treatments at 48-hours exhibit a low SDI, which is consistent 
with the overgrowth effect (Brumlow et al., 2019).  Experimental treatment at 240-hours 
has the highest SDI when compared to Control and Not Rinsed at 240-hours.  Analysis of 
observed genera and SDI suggest introduction of E.coli as a pioneer species increased the 
distribution of the community composition.  The bacterium E.coli could drive early 




Fish Skin Microbiome Biochemical Profile 
Microbiome data are powerful, but HMP indicated the predicted pathway across 
samples is conserved (HMP, 2012).  The 25 different tests were used to predict fish skin 
microbiome function and generate a profile for each sample.  Nitrate, Indole, Malonate, 
Inositol, Sorbitol, Rhamnose, Lactose, Adonitol, and Xylose tests varied between positive 
or negative across samples.  Interestingly, E.coli is known for lactose fermentation and, 
while it is abundant in the 8 hour treated microbiome by the 16S data and culture 
methods, the lactose biochemical results are negative.  As complexity of the ecosystem 
increases, bacteria may interact with each other and provide nutrients and growth 
conditions that may affect metabolism and behavior of the community (Morin et al., 
2018) and negative interactions can occur in high nutrient environments allowing bacteria 
to negatively affect other bacteria (Ratzke et al., 2020).  Strain K12 is non-native and not 
found in G.affinis, and so may have been outcompeted by native fish skin bacteria. 
Fish Skin Microbiome Analysis 
Pre-Treatment fish are dominated by Flavobacterium and have a low SDI Fig 11 
and Table 6).  At 8-hours in recovery, E.coli is dominant on the Experimental treatment 
only because it is an experimentally added non-native strain.  At 8-hours in recovery, the 
Control treatment also has a low SDI, which is expected because the fish skin 
microbiome was severely disrupted by the rinse.  At 48-hours in recovery, all treatments 
are dominated by the natural pioneer, the genus Chryseobacterium, which persists in the 
community strongly after 240 hours suggesting the genus Chryseobacterium as a 
foundation species.  Also, Chryseobacterium was identified as driving differences among 




the community, further supporting its role as a foundation species.  Fish mucus is 
primarily made out of mucins, proteins that are highly glycosylated, and can be used as 
an energy source for microbes; the main source of nutrients in the fish skin microbiome is 
mucus (Chiarello et al., 2018).   The natural pioneer on this experiment was isolated from 
the CFU plates and the full 16S rRNA gene was sequenced to obtain species ID.  The 
bacterium Chryseobacterium scophthalmum (C. scophtalmum) was positive for mucin 
degradation in vitro.  M9-minimal media was modified containing 5 mg/ml mucin as the 
only nitrogen and carbon source, therefore, only bacteria that are able to breakdown the 
mucin will grow.  Native pioneer species must be able to take advantage of the available 
niches opened by the decreased competition, and C. scophthalmum can use mucin as a 
sole carbon and nitrogen source. It outcompeted the rest of the microbes to dominate the 
community at 48-hours in recovery, possibly by consuming host mucin on the skin. 
At 240-hours, fish skin carrying capacity returns to normal conditions and 16S 
rRNA data shows the community is diverse for each treatment.  Since community 
composition is not significantly different between groups, this suggests that introduction 
of the K-12 pioneer did not affect recovery of the disrupted microbiome community.  
However, the non-significant statistical result could be due to a lower of number samples 
and low power for the PERMANOVA test to discriminate between treatments. 
Furthermore, given that the K-12 strain did not persist in the community, this may be the 






Pioneer species may help shape the environment after disruption by occupying 
available niches, but are transient and then replaced by foundation species in the 
community that will drive ecological interactions in the community.  According to 
ecological succession theories, pioneer species should drive specific pathways that drive 
specific species succession (Connell & Slatyer, 1977).  In this series of experiments, 
addition of E.coli as a pioneer species was transiently dominant in the experimental 
treatment community at 8-hours in recovery, but then became a rare member, showing a 
clear pioneer species behavior according to Connell and Slayter (1997).  Community 
composition of Experimental and Control treatments at 240-hours were not different from 
each other and C. scophthalmum dominated the community in all treatments indicating 
the initial community composition may influence taxon bloom after disruption.  Since 
E.coli is a non-native species in the fish skin microbiome, it might have not been able to 
utilize many of the nutrients found in the fish skin microbiome. An understanding of 
initial community composition could help researchers understand Enterobactericieae 
blooms and CDI after antibiotic treatment.  Using native pioneer species that persist 
longer in the fish skin microbiome could have a stronger foundation species effect and 








CHAPTER III  
Pioneer Species Tested as Foundation 
Fish Skin Pioneers 
After the experimental approach had been validated, allowing addition of selected 
pioneers after disruption and observing community effects, and testing if introduced 
pioneer species act as foundation was done by choosing three native fish skin species 
isolated from the fish skin microbiome, since these bacteria have the capacity to use 
resources from their natural environment.  Three different strains were isolated using 
different selective media from previous experiments.  Based on the water chemistry 
measured in the previous chapter, chemistry related to nitrogen recycling may be 
important.  It is well known that fish secrete nitrogen in the water in the form of 
ammonia, which can be transformed to nitrite or nitrate by bacteria (Eck et al., 2019; 
Graber & Junge, 2007).  Both ammonia and nitrate can be toxic to fish at high levels in 
the water (Jensen,1996; Van Kessel et al., 2016), therefore, species that recycle nitrogen 
are important for fish health.   
The mucus secreted by the skin of the fish plays an important role for protection 
against the external environment and it is the first line of protection against possible 
pathogens in the water column (Legrand et al., 2018), but it is also a source of nutrients 
for bacteria (Marcobal et al., 2013).  Mucin sialidases are a group of enzymes that 
catalyze the breakdown of carbohydrate chains on mucin and they are part of the first 
step of mucin breakdown (Juge et al., 2016).  Porcine mucin has been used to grow and 
isolate mucin-utilizing bacteria in vitro (Marcobal et al., 2013), and the fish skin mucus 




identity mucin-associated bacteria.  The bacteria used as introduced pioneer species were 
chosen based on nitrate and mucin utilization because they should be able to thrive and/or 
compete in the fish skin microbiome. 
Stenotrophomonas spp. 
Using M9-mucin agar plates, an FMI1B isolate was recovered from the fish skin 
microbiome from untreated aquarium fish.  The biochemical profile of a pure culture of 
this strain using Microgen A+B matches Stenotrophomonas maltophilia with 99.97% 
probability and 23.46% likehood. (Table 11), and the full 16S rRNA gene sequence 
matches Stenotrophomonas rhizophilia strain e-p10 (best match: score 2566; 1401 bp 
identical over 1407 total, with 2 gaps), the next closest match was much lower 
(Stenotrophomonas bentonitica, score 2507; 1391/1407 with 5 gaps).   To differentiate 
FMI1B from the native fish skin bacteria in culture, a nalidixic acid-resistant strain was 
generated.  The minimum inhibitory concentration (MIC) of FMI1B for nalidixic acid 
was 32 g/mL and for the generated resistant strain was >512 g/mL.  The selective 
media for FMI1B was modified pseudomonas isolation agar with 30 g/ml Ampicillin 
and 50 g/ml nalidixic acid (PAIN), which grows only FMI1B with no background 
bacteria when the fish skin suspension is plated.  FMI1B is a Gram-negative rod that 














Table 11  FMI1B biochemical profile. 
Profile obtained from Microgen A+B system.  Positive results equal plus symbol and 
negative results equal minus symbol. 
FMI1B Test  Test  
 Nitrate + Gelatine + 
 Lysine + Malonate - 
 Orthinine - Inositol - 
 H2S - Sorbitol - 
 Glucose - Rhamnose - 
 Mannitol - Sucrose - 
 Xylose - Lactose - 
 ONPG - Arabinose - 
 Indole - Adonitol - 
 Urease - Raffinose - 
 V.P. - Salicin - 
 Citrate + Arginine - 
 TDA -   
 
 
Figure 15  FMI1B morphology. 








FBI408 was isolated from the normal aquarium fish skin microbiome by students 
in the laboratory portion of the BIOL 2420 course during the spring 2015 semester.  The 
biochemical profile of FBI408 matches Aeromonas caviae at 93.6% (Table 12) and the 
full 16S rRNA gene sequence matches Aeromonas hydrophila strain DSM 30187 (best 
match: score 2595; 1410 bp identical over 1412 with a one gap).  The second-best match 
was A. dhakensis with a 2591 score from 1409 identical across 1412 bp with two gaps.  
Thus, while it is highly confident that FBI408 is within genus Aeromonas, it is less 
confident to be species hydrophila, yet that is the most likely species. The genus 
Aeromonas is ubiquitous in aquatic environments and known to be present in fish (Sugita 
et al., 1995), and was the natural pioneer in previous experiments in our system 
(Brumlow et al., 2019).  To differentiate FBI408 from native Aeromonas spp. present in 
the fish microbiome, a nalidixic acid resistant strain was generated.  The MIC of FBI408 
with nalidixic acid is 4 g/ml while the resistant derived strains is >512 g/ml.  Selective 
media used for FBI408 was modified thiosulfate-citrate-bile salts-sucrose agar (TCBS) 
with 30 g/ml ampicillin and 50 g/ml nalidixic acid (TCBSAN), which only grows 
FBI408 with no background bacteria when fish skin suspension is plated.  FBI408 is a 
Gram-negative rod that grows as small, yellow, round, mucoid colonies on TCBSAN 
agar (media starts as green and as FBI408 ferments the sucrose and generates various 
organic acids; the pH drops and turns the media yellow due to the indicator bromothymol 
blue) plates as shown in Figure 16. From the biochemical tests, it was noted that FBI408 






Table 12  FBI408 biochemical profile. 
Profile obtained from Microgen A+B system.  Positive results equal plus symbol and 
negative results equal minus symbol. 
FBI408 Test  Test  
 Nitrate + Gelatine - 
 Lysine - Malonate - 
 Orthinine - Inositol - 
 H2S - Sorbitol - 
 Glucose + Rhamnose - 
 Mannitol + Sucrose + 
 Xylose - Lactose - 
 ONPG + Arabinose + 
 Indole + Adonitol - 
 Urease - Raffinose - 
 V.P. - Salicin + 
 Citrate - Arginine + 
 TDA +   
 
 
Figure 16  FBI408 morphology. 






FSI38B was isolated from aquarium fish using PIA media.  The Microgen 
database for species identification only includes members of the Enterobacteriaceae, thus 
Brevibacterium is not included. The best match to the biochemical profile of FSI38B 
within ABIS (Advanced Bacterial Identification System software, Stoica and Sorescu, 
2012) online was Brevibacterium massiliense at 85.9% (Table 13).  The full 16S rRNA 
gene sequence matches Brevibacterium casei strain NCDO 2048 (best match: score 752, 
407/407, no gaps).  While it is fully identical across that 407 bp sequence, this sequence 
is not long enough to be discriminatory between other species within the Brevibacterium 
genus.  It was noted that FSI38B has the capacity to reduce nitrate to nitrogen gas (poorly 
soluble in water and evaporates), and thus could reduce the amount of available nitrogen 
in an aqueous environment. Thus, strain FSI38B at this time can most accurately be 
described as Brevibacterium sp. (unknown species).  FSI38B is a Gram-positive bacillus, 
and we confirmed this by both Gram staining from pure overnight cultures and by a 
negative, non-stringy result on the KOH test (data not shown). To differentiate FSI38B 
from the native fish skin microbiome in culture, a nalidixic acid resistant strain was 
generated.  Selective media for FSI38B was modified pseudomonas isolation agar with 
30 g/ml ampicillin and 50 g/ml nalidixic acid (PAIN), which only grows FSI38B and 
with no background bacteria when fish skin suspension is plated.  FSI38B grows as 










Table 13  FSI38B biochemical profile. 
Profile obtained from Microgen A+B system.  Positive results equal plus symbol and 
negative results equal minus symbol. 
FSI38B Test  Test  
 Nitrate + Gelatine - 
 Lysine + Malonate - 
 Orthinine - Inositol - 
 H2S - Sorbitol - 
 Glucose - Rhamnose - 
 Mannitol - Sucrose - 
 Xylose - Lactose - 
 ONPG - Arabinose - 
 Indole - Adonitol - 
 Urease - Raffinose - 
 V.P. - Salicin - 
 Citrate + Arginine - 
 TDA +   
 
 
Figure 17  FSI38B morphology. 





Materials and Methods 
Pioneer Inoculation 
The bacteria A.hydrophilia (FBI408), S.rhizophilia (FMI1B), and Brevibacterium 
(FSI38B) were grown in nutrient broth (NB) at 25°C overnight.  Bacterial cultures grown 
overnight were quantified by measuring the optical density at 650 nm.  Then, a 2.5-qt. 
Polyethylene tub (HDX Model # 05M3HDX) containing 2 L of APW was inoculated 
with each pioneer at a calculated OD650 of 0.05.  After rinsing, the fish were exposed to 
one pioneer per group in the water column for 8 hours to allow the pioneer species to 
invade the skin microbiome. Afterwards, the fish were transferred to fresh APW for 
recovery where they were sampled at later time points.  Mortality is low, as expected, 
during this procedure because the pioneer species are native to the fish microbiome. 
Experimental Design 
All fish were collected from the same aquarium to ensure minimal starting 
community variance (homogeneity).  A total of ~110 fish were used for this study, where 
20 fish were required per group.  Experimental and control groups were rinsed and 
transferred to the appropriate APW bucket (with bacteria and with no bacteria) as groups.  
The experimental groups were incubated for 8-hours with pioneer species and then 
transferred to a clean APW bucket for recovery.  The control group was incubated for the 
same amount of time in sterile APW, then transferred into a clean APW bucket for 
recovery.  As a further comparison, one group of fish was not rinsed (Not Rinsed), but 
these fish went through the same transfers as the experimental and control groups.  After 
treatment (Rinsed or Not Rinsed), fish were sampled for 240-hours in recovery.  Major 




(which confirms levels of pioneer introduction), 48-hours in recovery (to represent mid-
recovery), and 240-hours in recovery (to represent final recovery). 
 
Figure 18  Experimental design of BCE experiments. 
 
Microbiome 16S rRNA Extraction and Amplification 
For 16S rRNA gene profile analysis, the microbiome was extracted from the fish 
using the protocol above, then bacteria were pelleted by a 2-minute spin in a centrifuge at 
room temperature at top speed (14,000 rpm).  The pellet was frozen and stored at -80°𝐶 
until all were ready for DNA extraction.  Total DNA was extracted using the PowerSoil 
DNA isolation kit (MO BIO Laboratories) following manufacturer’s instructions.  The 
16S gene sequencing used PCR primers 515F/806R (5’-
GTGCCAGCMGCCGCGGTAA-3’/5’-GGACTACHVHHHTWTCTAAT-3’), covering 
the V3-V4 regions, on the sequencing platform MiSeq v3 with 300-bp paired-end reads 





To determine the microbiome function profile, using a VWR® Standard Heavy-
Duty Vortex Mixer (catalog#: 97043-562), skin microbiome communities were extracted 
by placing a one fish per time point in a 15 mL conical tube with 5 mL of sterile saline 
water (0.85% NaCl).  Each fish was vortexed at maximum speed (3200 rpm) for 1-minute 
pausing shortly for 1 second every 10 seconds, then the fish was removed aseptically 
from the tube and placed in a recovery aquarium where the fish was not resampled.  Fish 
skin extract was inoculated into the Microgen A+B system.  A total of 100µL were 
placed into each well, and wells 1, 2, 3, 9, and 24 were overlaid with 100µL of sterile 
immersion oil.  Wells were read according to manufacturer’s instructions.  A limitation of 
this method is that while a positive result in this test indicates that the community has a 
certain biochemical capability, it does not prove that this function is active while the 
community is actually on the fish skin. So, it demonstrates possibility, not in situ results. 
Data Analysis 
R version 3.6.3 (2020-02-29) was used with R Studio version 1.2.5033.  Exact 
Sequence Variants (ESV) were generated using the dada2 package version 1.14.0 
(Callahan et al., 2016) for a total of 2896 of ESVs.  Taxonomic classifications were 
assigned by IdTaxa using the Ribosomal Database Project (Cole et al., 2014) release 
version 16 released March 2018 by the DECIPHER package version 2.14.0 (Wright, 
2016).  Rarefaction curves were generated using ggrare from ranacapa package version 
0.1.0 (Gaurasv, 2019).  Before analysis was performed, ESVs that matched Archaea, 
Eukarya, or unidentified at the level of domain (no database match) were filtered out, for 




The phyloseq package version 1.30.0 (McMudie & Holmes, 2013) and the 
microbiome package version 1.9.95 (Lahti et al., 2017) were used to generate multiple 
measures.  Observed and Shannon Diversity Indices (SDI) for all samples and all groups 
at the ESV level and genus level were generated through the estimate_richness function 
in the microbiome package. NMDS using Bray-Curtis dissimilarity was generated using 
ordinate function in the phyloseq package to visualize differences between the 
composition (beta diversity) of skin communities at different times points. Statistical 
analysis of Bray-Curtis diversity among groups was analyzed by the adonis function in 
the vegan package version 2.5-6 (Oksanen et al., 2019). Furthermore, SIMPER analysis 
via simper function from vegan package was used to assess taxon driving community 
differences.  Normality was measured by shapiro.test function; a significant p-value 
indicates a non-normal distribution and variables were tested based on normality.  All 
figures were generated using ggplot2 package version 3.2.1 (Whickman, 2016). 
Results 
Bacterial Load on the Fish Skin 
Fish skin bacterial load was measured by counting CFU on NA plates.  As shown 
in Figures 18 and 19, the trend is consistent with the previous experiment (Fig 3), where 
rinsing heavily reduces the bacterial load of the fish skin (Brumlow et al., 2019) and 
bacterial load returns to pre-treatment levels after 240 hours in recovery. 
Artificial introduction of the pioneer species after rinsing.   
The rinsing procedure removed 89% of the total skin CFU.  In all three treated 8-
hour samples, the total CFU is much higher (~3-log higher) than 8-hour control or non-




the water column (Wilcoxon; p = 4e-04).  Consistent with overgrowth seen in previous 
experiments (Brumlow et al., 2019) and the previous chapter, all groups had elevated 
counts at the 48-hour time point.  
The four rinsed groups at 48 hours on average had 190-fold higher counts than the 
pre-treatment samples (Wilcoxon; p = 1.7e-4).  The not-rinsed group counts were higher 
than pre-treatment as well (Wilcoxon, p = 4.9e-3), but not as high as all of the rinsed 
groups (Wilcoxon, p = 1.7e-4).  The counts of all of the groups at 10 days are all 
statistically similar (Kruskal-Wallis, p=0.388).  Consistent with the previous experiment, 
the 10-day samples are also not significantly different from the pre-treatment (Kruskal-





Figure 19  Line plot of CFU by group across time (hours). 
Fish were sampled from the undisturbed aquarium (Pre-Treatment), Post-Rinse (0 hours), 
8-hour, 48-hour, and 240-hour timepoints.  Each dot represents a different group and the 







Figure 20  Scatterplot of CFU across the major sampling times. 
Fish were sampled from the undisturbed aquarium (Pre-Treatment), Post-Rinse (0 hours), 
8-hour, 48-hour, and 240-hour timepoints.  Each dot represents a different group and the 
line represents SD.  N = 20 per treatment, and each data point is the mean with standard 







Table 14  Tracking of introduced pioneer S.rhizophilia by plating CFU. 
Treatment Time Mean_Counts SD_Counts Media 
S.rhizo Pre-Treatment 228551.8 70024.4 NA 
S.rhizo Pre-Treatment 0 NA PAIN 
S.rhizo 0 25114.7 8754.7 NA 
S.rhizo 0 0 NA PAIN 
S.rhizo 8 8854549.9 4833191.9 NA 
S.rhizo 8 3138337 992518.6 PAIN 
S.rhizo 48 49077328.6 42227016 NA 
S.rhizo 48 6795547.7 2734040.8 PAIN 
S.rhizo 240 78796.6 66522.6 NA 
S.rhizo 240 2871 2122.2 PAIN 
 
 
Figure 21  Line plot of CFU of PAIN and NA plates tracking S.rhizophilia. 






Table 15  Tracking of introduced pioneer A.hydrophilia by plating CFU. 
Treatment Time Mean_Counts SD_Counts Media 
A.hydro Pre-Treatment 228551.8 70024.4 NA 
A.hydro Pre-Treatment 0 0 TCBSAN 
A.hydro 0 25114.7 8754.7 NA 
A.hydro 0 0 0 TCBSAN 
A.hydro 8 47702813.4 14098523.8 NA 
A.hydro 8 23641969.4 11352541 TCBSAN 
A.hydro 48 33622355.7 17599360.8 NA 
A.hydro 48 9722730 2664101.3 TCBSAN 
A.hydro 240 174300.1 120070.3 NA 




Figure 22  Line plot of CFU of TCBSAN and NA plates tracking A.hydrophilia. 










Table 16  Tracking of introduced pioneer Brevibacterium by plating CFU. 
Treatment Time Mean_Counts SD_Counts Media 
Brevi Pre-Treatment 228551.8 70024.4 NA 
Brevi Pre-Treatment 0 NA PAIN 
Brevi 0 25114.7 8754.7 NA 
Brevi 0 0 NA PAIN 
Brevi 8 10307835.8 3531248.7 NA 
Brevi 8 676306 298653.2 PAIN 
Brevi 48 76501650.2 58252790.3 NA 
Brevi 48 0 NA PAIN 
Brevi 240 133768.4 55942.7 NA 
Brevi 240 0 NA PAIN 
 
 
Figure 23  Line plot of CFU of PAIN and NA plates tracking Brevibacterium. 





Fish Skin Microbiome Biochemical Profile 
The biochemical profile of the fish skin microbiome was measured across 25 tests 
using Microgen A+B strips (Table 17). Some activities are not observed in any of the 
communities, including xylose, sorbitol, adonitol, and lactose fermentation. This is not 
surprising since the activities in the Microgen system were selected to identify taxa 
within the Enterobacteriaceae family, of which not many are native to fish skin (most are 
members of mammalian gut communities). Other activities are rare, occurring in only one 
sample, namely urease and malonate utilization and inositol fermentation, or in two 
samples only: rhamnose fermentation. Since fish excrete nitrogen waste as ammonia (not 
urea like mammals), a lack of urease in the skin microbiome is not surprising. 
Conversely, some activities are universal, found in every sample. This includes nitrate 
reduction, hydrogen sulfide production from thiosulfate, glucose fermentation, 
production of beta-galactosidase enzyme (ONPG hydrolysis, the first step in lactose 
utilization), sucrose and arabinose fermentation, and production of acetoin by glucose 
fermentation (VP reaction). Thus, one would predict that the strips are not a very 
comprehensive measure of our community (fish skin microbiome) functions, since out of 
the 25 activities measured, eleven have no discriminating capability, being always 
lacking or always present. Thus, only fourteen activities can detect any community 
differences. Of those, three are only seen in one community and three (production of 
indole from tryptophan, presence of tryptophan deaminase, and arginine dihydrolase 
activity) were present in all but one community. Principal coordinate analysis shows that 






Table 17  Biochemical activity of fish skin microbiota at major sampling times. 
A total of 25 tests were recorded at each timepoint.  Positive results and negative results 
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Figure 24  Fish skin microbiome biochemical profile. 












Fish Skin Microbiome Coverage 
The total number of sequences after quality filtering from all 75 samples was 
7,002,622. Sampling is representative, as the average Good’s coverage for all samples 
was 99.97% and the average Chao1 was only 11.5% higher than the average number of 
observed ESVs, which complement the rarefaction curves (Figure 24). Also, the coverage 
is not slanted to any one particular experimental group (Table 18) and groups have a 
Good’s coverage average of 99.9 (Table 19).  The total gamma diversity (total number of 






Figure 25  Rarefaction curves showing sampling depth of all samples   



















Table 18  Sequence coverage for all samples. 






BCEPT1 Pre-Treatment -1 30 40430 99.93 248 275.19 
BCEPT1-2 Pre-Treatment -1 20 99460 99.98 290 304.62 
BCEPT2 Pre-Treatment -1 19 46617 99.96 204 214.69 
BCEPT2-2 Pre-Treatment -1 22 113610 99.98 238 251.59 
BCEPT3 Pre-Treatment -1 17 51012 99.97 234 243.07 
BCEPT3-2 Pre-Treatment -1 12 116560 99.99 265 270.5 
BCEA81 A.hydro 8 18 149375 99.99 71 101.6 
BCEA82 A.hydro 8 22 126719 99.98 85 106 
BCEA83 A.hydro 8 12 96863 99.99 62 78.5 
BCES81 S.rhizo 8 24 144726 99.98 90 113 
BCES82 S.rhizo 8 15 120498 99.99 79 90.67 
BCES83 S.rhizo 8 23 135320 99.98 100 125.3 
BCEP81 Brevi 8 15 76193 99.98 57 78 
BCEP82 Brevi 8 21 58410 99.96 72 95.33 
BCEP83 Brevi 8 16 68827 99.98 90 99.23 
BCEC81 Control 8 10 45358 99.98 84 89.63 
BCEC82 Control 8 9 99627 99.99 80 84 
BCEC83 Control 8 28 88756 99.97 80 155.6 
BCEN81 Not Rinsed 8 13 51432 99.97 117 156 
BCEN82 Not Rinsed 8 15 113428 99.99 116 129.13 
BCEA41 A.hydro 48 8 53975 99.99 72 75.11 
BCEA42 A.hydro 48 25 272801 99.99 103 140.5 
BCEA42-2 A.hydro 48 15 104713 99.99 87 97.5 
BCEA43 A.hydro 48 17 298721 99.99 117 128.33 
BCEA43-2 A.hydro 48 18 113118 99.98 100 117 
BCES41 S.rhizo 48 18 177415 99.99 109 120.77 
BCES41-2 S.rhizo 48 29 94061 99.97 105 134 
BCES42 S.rhizo 48 29 171757 99.98 175 196.37 
BCES43 S.rhizo 48 23 121900 99.98 118 133.81 
BCES43-2 S.rhizo 48 31 101705 99.97 121 163.27 
BCEP41 Brevi 48 21 114257 99.98 97 127 
BCEP41-2 Brevi 48 20 294711 99.99 108 139.67 
BCEP42 Brevi 48 14 90898 99.98 97 115.2 
BCEP42-2 Brevi 48 13 189186 99.99 106 117.14 
BCEP43 Brevi 48 3 49970 99.99 55 55.43 
BCEC41 Control 48 11 170173 99.99 136 139.67 
BCEC41-2 Control 48 20 254986 99.99 309 319.56 




BCEC43 Control 48 25 106624 99.98 143 173 
BCEC43-2 Control 48 19 136489 99.99 150 171.38 
BCEN41 Not Rinsed 48 20 132632 99.98 115 142.14 
BCEN41-2 Not Rinsed 48 12 110420 99.99 103 112.43 
BCEN42 Not Rinsed 48 13 7804 99.83 68 76.67 
BCEN42-2 Not Rinsed 48 15 88062 99.98 91 108.5 
BCEA21 A.hydro 240 13 70383 99.98 135 143.67 
BCEA22 A.hydro 240 22 33791 99.93 160 170.04 
BCEA23 A.hydro 240 19 39645 99.95 150 163.15 
BCEA24 A.hydro 240 23 67013 99.97 167 186.46 
BCEA25 A.hydro 240 24 99049 99.98 172 197.09 
BCES21 S.rhizo 240 11 67146 99.98 125 131.11 
BCES22 S.rhizo 240 18 39045 99.95 152 165.91 
BCES23 S.rhizo 240 26 33213 99.92 149 168.12 
BCES24 S.rhizo 240 15 11117 99.87 117 122.25 
BCES25 S.rhizo 240 25 43535 99.94 168 183 
BCEP21 Brevi 240 15 62831 99.98 142 153.67 
BCEP22 Brevi 240 6 50034 99.99 132 134.5 
BCEP23 Brevi 240 16 45406 99.96 158 167.23 
BCEP24 Brevi 240 19 51668 99.96 156 168.21 
BCEP25 Brevi 240 20 54459 99.96 152 167.83 
BCEC21 Control 240 19 52514 99.96 166 183.1 
BCEC22 Control 240 13 52378 99.98 171 175.59 
BCEC23 Control 240 20 41004 99.95 166 183.27 
BCEC24 Control 240 10 49756 99.98 155 159.5 
BCEC25 Control 240 7 57420 99.99 140 143 
BCEN21 Not Rinsed 240 16 84969 99.98 137 150.33 
BCEN22 Not Rinsed 240 18 79601 99.98 145 155.93 
BCEN23 Not Rinsed 240 14 61620 99.98 146 161.17 
BCEN23-2 Not Rinsed 240 14 94608 99.99 155 168 
BCEN24 Not Rinsed 240 15 129535 99.99 143 156.13 
BCED21 Drift 240 12 43124 99.97 179 195.5 
BCED21-2 Drift 240 16 104297 99.98 205 217 
BCED22 Drift 240 15 22051 99.93 207 218.67 
BCED22-2 Drift 240 15 65365 99.98 238 243.25 
BCED23 Drift 240 9 23901 99.96 195 201 
BCED23-2 Drift 240 9 57816 99.98 214 218.5 
Number of singletons (ESVs with only one sequence detected) is Singletons. Total number of sequences per 
sample is Sequences. Goods is the Good’s percent coverage estimate. Observed ESV is the number of ESVs for each 



















Pre-Treatment -1 99.97 0.02 259.94 30.8 246.5 29.23 
A.hydro 8 99.99 0 95.37 14.77 72.67 11.59 
S.rhizo 8 99.98 0 109.66 17.56 89.67 10.5 
Brevi 8 99.97 0.01 90.85 11.3 73 16.52 
Control 8 99.98 0.01 109.74 39.81 81.33 2.31 
Not Rinsed 8 99.98 0.01 142.56 19 116.5 0.71 
A.hydro 48 99.99 0 111.69 25.86 95.8 17.05 
S.rhizo 48 99.98 0.01 149.64 30.41 125.6 28.37 
Brevi 48 99.99 0.01 110.89 32.49 92.6 21.62 
Control 48 99.99 0.01 181.39 82.29 165.8 83.3 
Not Rinsed 48 99.95 0.08 109.93 26.79 94.25 20.06 
A.hydro 240 99.96 0.02 172.08 20.76 156.8 14.72 
S.rhizo 240 99.93 0.04 154.08 26.05 142.2 20.85 
Brevi 240 99.97 0.01 158.29 14.64 148 10.86 
Control 240 99.97 0.01 168.89 17.41 159.6 12.42 
Not Rinsed 240 99.98 0 158.31 6.64 145.2 6.5 
Drift 240 99.97 0.02 215.65 16.74 206.33 19.69 
Goods is the Good’s percent coverage estimate. Observed is the number of ESVs for each sample. Chao1 is 





Figure 26  Mean observed number of ESVs across groups. 
The average of each treatment is represented by a different color and the standard 






Rinsing is a strong disruption which lowers the richness (247 mean ESVs in pre-
treatment samples compared to 79 in the 8-hour rinsed groups). Transfer is also a 
disruption, but not as strong (117 ESVs in 8-hour group). At 48 hours, the diversity has 
risen but not returned to the pre-treatment level (control at 48-hrs has 166 ESVs). As 
expected, groups with added introduced pioneer strains have lower diversity compared to 
the control group at 48 hours (126 vs 96 vs 93 for the pioneers S. rhizo, A. hydro, and 
Brevibacterium, respectively). After 240-hours, all five groups have similar diversity, 
with 150±7.5 ESVs (ANOVA, p = 0.252), but did not return to the pre-treatment level of 









Figure 27  Shannon Diversity Index of groups, calculated at the ESV level. 
The average of each treatment is represented by a different color and the standard 
deviation is represented by the error bars. 





The values of Shannon’s Diversity Index are from 0 to 1, and the index includes both 
richness and evenness (Magurran, 1988).  Using this measure, all of the treatment groups 
at 240-hours days are similar compared to each other (Kruskall-Wallis; p-value = 0.1759) 
and to the pre-treatment group (Dunn’s test; p > 0.05).  The drift group is only different 






Figure 28  Average evenness index including all ESVs. 
The average of each treatment is represented by a different color and the standard 
deviation are represented by the error bars. The data is normally distributed. Pairwise 
Tukey’s Honest Test shows that not rinsed and pre-treatment (p=0.013) as well as S. 







Figure 29  Richness of groups at the level of genus. 
The observed number of genera of each group and each treatment is represented by a 








Looking at richness (alpha diversity) at the lowest accurate taxonomic level of 
genus gives the same pattern as with ESVs and as expected, rinsing disruption lowers the 
evenness temporarily, which returns to pre-treatment levels after recovery. Rinsing 
lowers the richness by two-thirds of all groups (104±12 genera in the pretreatment group 
compared to 31±4.9 for all the rinsed groups at 8 hours). Transfer lowers richness by half 
(8 hour “Not-rinsed” group has 49±7.8). At 48 hours, the mean richness of the rinsed 
groups rose somewhat to 43±14 genera while the variability between fish rose even more 
(the relative SD within the six pre-treatment fish was 12% while the 48-hour groups 
ranged from 16% to 55%, with an average of 31%).  In contrast to ESV data, the drift 
group was not significantly different from pre-treatment richness (T-test; p-value = 
0.341).  Again, the 240-hour treated groups are not different from each other (ANOVA; p 
= 0.157) and pre-treatment group and drift group have higher richness than all treated 
groups at 240 hours (Wilcoxon, p-value = 0.001; p-value = 0.0114, respectively). While 
some genera (about 25) are lacking in the 10d treated groups compared to the pre-
treatment, none of those genera are abundant in the pre-treatment community (highest 
individual abundance of genus Cetobacterium, only 0.0092 relative abundance in pre-
treatment group, and total abundance in pre-treatment group of all 25 was 0.36%, 





Figure 30  Simpson’s evenness of groups at the level of genus. 
The observed number of genera of each group and each treatment is represented by a 









Figure 31  Abundance of dominant ESVs across major sampling times for all samples. 
Column graph of the ten most abundant ESVs in the entire dataset, with all other ESVs 
grouped into “other,” shown across all 75 samples, which are grouped. LCBD (local 
contribution to beta diversity) scores represent the degree of uniqueness of the 
composition of each sample compared to the rest of the dataset. At the top of the graph 
are group names (i.e. A8 is the pioneer A. hydrophila added, 8 hrs timepoint; and N48 is 
non-rinsed at 48 hrs), while at the bottom of the graph are individual sample names. Note 














Table 20  Identification of dominant ESVs. 
Counts is the combined number of sequences for that ESV in all 75 samples (total number 
of sequences in dataset of 7,002,622). Overall abundance is the percent abundance of 
that ESV in the entire dataset. Presence is the number of samples in which that ESV was 
found (75 samples total in dataset). 




ESV1 Aeromonas 877,980 12.5% 65 
ESV2 Stenotrophomonas 833,895 11.9% 63 
ESV3 Aeromonas 537,325 7.67% 75 
ESV4 Aeromonas 374,787 5.35% 73 
ESV5 Flavobacterium 312,519 4.46% 75 
ESV8 Aeromonas 238,766 3.41% 73 
ESV11 Flavobacterium 175,454 2.51% 75 
ESV12 Runella 171,650 2.45% 53 
ESV13 Flavobacterium 163,172 2.33% 67 
ESV14 Brevibacterium 152,360 2.18% 37 
 
The genus Aeromonas includes 56 ESVs, including the most abundant ESV1. 
ESVs are numbered in order of total abundance in the dataset before filtering. ESVs 3, 4, 
7, 8, and 10 are also identified as Aeromonas. It is the most common genus in the entire 
dataset, not a surprise since it is the natural pioneer that appears after disruption, and it is 
also present in the pre-treatment and drift samples.  Most of the ESVs (40 of the 56) are 
present in the pre-treatment samples.  The introduced pioneer strain of Aeromonas and 
the natural pioneer strain(s) cannot be distinguished in the sequencing data.  
Brevibacterium includes three ESVs, namely ESV14, 982, and 2519, with only 14 being 
dominant in abundance. Stenotrophomonas includes 17 ESVs, but only ESV2 is 
abundant, as the next are ESV108 and 128.  Of those 17 ESVs, 98% of all sequences 
identified as Stenotrophomonas are ESV2.  While not an introduced pioneer, 




prominence in the 240-hour samples.  Flavobacterium included 35 ESVs, including 
ESV5, 11, 13, 16, and 25. 
 
Figure 32  Abundance of dominant genera across major sampling times across all 
samples. 
 
Pre-treatment, the fish skin microbiome is dominated by Flavobacterium 




Rhodobacteraceae (5.9±3.5%), and family Comamonadaceae (5.7±2.8%). Eight hours 
after rinsing, the control fish are dominated by the natural pioneer Aeromonas 
(84.9±14.7%). Other dominant genera are Chitinimonas (4.6±6.3%), Flavobacterium 
(4.3±3.2%), and Shewanella (2.1±1.9%), which was 4.9% in the pre-treatment group. So, 
some of the same genera are dominant, just the relative abundance has changed. 
However, most genera have been lost. There were 92 genera in the pre-treatment, with a 
cumulative 12.7% abundance, that are not present in the control 8-hour group (taxa lost 
after rinse). Eight genera (total 0.23% abundance) were present in the control and absent 
in the pre-treatment fish (taxa gained). For fish exposed to A. hydrophila after the rinse, 
99.7% of the microbiome is the genus Aeromonas, a combination of the added pioneer 
strain and pre-existing indigenous strains. Genera lost (present in pre-treat but not in the 
A8 group) were again 92, totaling 9.46% of the pre-treat abundance. So, the A. 
hydrophila-exposed group is not less diverse than the C8 group at the genus level, but is 
less even. Forty-one of those 92 genera lost in the A8 group return in the 240-hour group 
(A240), and those 41 comprise 10.7% of the 240-hour community. While distinguishing 
the introduced pioneer versus native strains of Aeromonas is not possible in the 
sequencing data, the selective plating requires double antibiotic resistance (ampicillin and 
nalidixic acid). Consistent with this, no colonies grew on the selective media from pre-
treatment fish (Table 15 and Figure 21). Looking at the counts form the selective media 
compared to the total counts on NA, selective counts were 49.6% of total at 8 hours, 
28.9% at 48 hours, and 5.4% at 240 hours. By comparison, the relative abundance of the 
genus in the sequencing was 99.7% at 8 hours, 84.9% at 48 hours, and 3.05% at 240 




not. Just like the PCR primers used in amplification before sequencing are biased against 
certain sequences (Kennedy et al, 2014), so too the media are biased against certain 
bacteria. 
By comparison, the B8 group is 74.0±30.6% Brevibacterium, along with 
Aeromonas (20.3±27.1%), with other genera at much lower levels, such as 
Stenotrophomonas (1.4±1.1%). Two fish in the B8 group have similar composition, with 
the third being rather divergent. For example, for Brevibacterium, fish B81 has 95.3%, 
fish B82 had 87.9%, but fish B83 had 38.9% abundance, and for Aeromonas, B81 had 
2.1%, B82 had 7.4%, but B83 had 51.5%. In the S8 group, the fish skin microbiome was 
dominated by Stenotrophomonas (96.4±0.77%), followed by Aeromonas (2.4±0.63%), 
and Flavobacterium (0.52±0.17%). Comparing culture and sequencing abundance in the 
Brevibacterium-exposed groups, the selective media gives 6.6% of the counts of NA at 8 
hours and no counts are recovered at 48 and 240 hours. Again, no colonies were seen 
from the pre-treatment samples. While the numbers do not match, the pattern does 
(abundant only at 8 hours). For the Stenotrophomonas-exposed groups, selective plating 
revealed 35.4% of total counts at 8 hours, 13.8% at 48 hours, and 3.6% at 240 hours. This 
compares to sequencing abundances of 96.4%, 66.5%, and 5.5%, respectively. Again, 
numbers are different, but patterns match. 
Comparing the three introduced pioneers, we can notice some differences. The 
genus including all three pioneers strongly dominates in their respective 8-hour group; 
with A8 having 99.7±0.12% Aeromonas, S8 having 96.4±0.77% Stenotrophomonas, and 
B8 having 74.0±30.6% Brevibacterium. Note that the natural pioneer is also Aeromonas, 




84.9±4.6%) and S48 (Stenotrophomonas at 66.5±3.8%) are still dominated by the 
pioneers, while in B48 Brevibacterium has declined to 0.20±0.01% abundance. So, 
similar to E. coli K-12, this organism is transient. Again, the rinsed control is still 
dominated by Aeromonas at 48 hours, with 65.7±6.8% abundance. After 240 hours, 
Aeromonas has declined (1.87±0.63%) in the control and Flavobacterium has returned to 
27.4±4.5% abundance (it dominated pre-treatment). The three groups with introduced 
pioneers mirror this, with A240 containing 3.05±2.2% Aeromonas and 42.6±3.3% 
Flavobacterium, S240 containing 5.5±1.4% Stenotrophomonas along with 8.0±4.6% 
Aeromonas and 39.1±2.5% Flavobacterium, and B240 containing 0.05±0.02% 
Brevibacterium along with 2.8±1.8% Aeromonas and 16.8±27.3% Flavobacterium. 
While Stenotrophomonas persists in the S240 group, it does not appear to suppress, but 
indeed may enhance the levels of Aeromonas and Flavobacterium, compared to the 






Figure 33  Strip plot of the five most abundant genera across all groups. 
Each symbol represents a sample and the line represents SD. 
 
Looking at the abundance of genera across the groups, there are a few patterns. 
Aeromonas is more dominant in the pre-treatment and 8-hour and 48-hour samples, but 
less in the 240-hour samples, so it has a pattern of losing abundance over time. 




though drift fish are in the same aquarium for 240 hours that pre-treatment fish were 
drawn from. In contrast, Flavobacterium is abundant in the pre-treat, is lower abundance 
in 8 hr and 2 d samples, but then is higher again in the 10 d samples, thus having a 
returning pattern. Yet again, Flavobacterium is reduced in drift (7.5±5.0) relative 
abundance compared to pre-treat (33.8±13.5), likely because of a bloom in the family 
Rhodobacteraceae in the drift (17.7±15.5 as opposed to 5.9±3.5 in pre-treat). 
Stenotrophomonas is abundant after addition as an introduced pioneer in the S8 and S48 
samples, but otherwise, while present, is rare (≤0.2%) in other groups. Shewanella has the 
same losing pattern as Aeromonas, being mostly abundant in 2 d samples and pre-treat, 
and lower elsewhere. However, Runella has a gaining pattern, being most dominant in the 
10 d and drift samples. This genus is 0.14±0.06% abundance in pre-treat, while 





Figure 34  Strip plot of the next five most abundant genera (6 through 10-most) across all 
groups. 
Each symbol represents a sample and the line represents SD. 
 
 
The introduced pioneer Brevibacterium, as seen before, is transient, and only 
dominant in the 8 hr sample just after introduction. It is rare in other groups and even 




some natural indigenous Brevibacterium, but at very low abundance (0.001±0.001 in the 
pre-treatment group). The family Rhizobiaceae has a gaining pattern, as does Runella. 
Chitinimonas is generally lost, as is Aeromonas. In addition to blooming in the drift, 
family Rhodobacteraceae is rare in other groups, and only noticeably abundant in the 
non-rinsed at 8 hours (5.8±5.1%). Family Verrucomicrobiaceae has a returning pattern, 
and blooms in the non-rinsed 10 d group. 
Six of the 773 observed ESVs are defined as core taxa, i.e. present in every one of 
the 75 samples.  There are also some ESVs that are not core by the strict definition 
(present in every single sample), but are present in at least one fish in every sampled 






Figure 35  Relative abundance of core ESVs in all groups. 
The identity of ESVs 3, 5, and 11 are given in Table 12. ESV6 is genus Aeromonas, 







Figure 36  NMDS of all ESVs. Non-metric multidimensional scaling visualization of the 
similarity (Bray-Curtis dissimilarity matrix calculated from all ESVs) between the 
communities, with each symbol representing one fish community. 
Treatment is represented by different shapes, time is represented by different colors, and 
dashed circles represent standard error within each group. 
 
The drift communities are closely related to the pre-treatment. All three of the 
treated communities at 10 days are closely related, and also not far from the pre-




presumably strongly disrupted by the rinse. The most distant from the pre-treatment are 
the S8 communities, likely because they are dominated by ESV2 (which is 
Stenotrophomonas), which is rare in other communities (see Figures 35-37).  
 
Figure 37  NMDS of abundant ESVs. Analysis includes only ESVs that are above 0.1% 
abundance in each sample using Bray-Curtis distance. 
Treatment is represented by different shapes, time is represented by different colors, and 





When the beta diversity visualization is restricted to ESVs that are at least 0.1% in 
abundance, the same pattern emerges. Visualization of groups using all genera also shows 
a similar pattern, yet more compressed, likely because this includes 213 total genera 
compared to 773 ESVs. 
 
Figure 38  NMDS of all genera using Bray-Curtis distance. 
Treatment is represented by different shapes, time is represented by different colors, and 






Water Chemistry Correlation with Community Composition 
Nitrate and nitrite were only present in the aquarium water, thus the arrows in the 
visualization (Fig 38) point upwards, as the pre-treatment and drift samples are in the 
upper section of the graph. Ammonia was the most variable parameter measured. 
Ammonia is secreted by fish into the water, and is likely a major nitrogen source for 
bacteria, as almost all bacterial species can acquire and utilize it. Ammonia accumulates 
over time in the tubs, typically 2 ppm at 8 hrs, rising to 4 ppm at 48 hours and 8 ppm by 
240 hours. Interestingly, the non-rinsed group has consistently lower values. This may be 
due to several reasons, and with the current dataset, the cause can’t be determined. The 
bacterial load on the fish skin is consistently lower in the rinsed group compared to 
treatment groups (Fig 18). Not only that, the community composition also varies between 
the samples. This is further complicated as bacteria can be both producers and consumers 
of ammonia. However, the initial density of fish (the ammonia source) in the tub was 
different as well, with 20 fish initially in each treatment group and 14 in the non-rinsed 
group.  
Alkalinity and hardness also generally accumulate over time in the tubs, and pH is 
mostly trending up. Thus all of the arrows have a similar direction in Figure 33. 
Alkalinity is a measure of buffering capacity of the water which comes from calcium, 
magnesium, carbonates and bicarbonates, and chlorides. These would be coming from the 
fish food that is added daily, either diffusing into the water, or more likely being excreted 
by the fish, as they rapidly consume the food flakes after addition. Similarly, water 
hardness is a measure of the calcium and magnesium in the water. An increase in pH 




is of low buffering capacity. To confirm this, the pH of a sample of APW was measured 
at 7.6. While adding 1 ppm of ammonia (from a stock solution of ammonia hydroxide) 
did not change the pH reading, 2 ppm raised the pH to 7.8, 4 ppm raised it to 8.0, and 8 
ppm resulted in a reading of 8.4. While Brevibacterium can reduce nitrate to nitrogen gas, 
and thus potentially lower the available nitrogen in the water, the treatment group with 
Brevibacterium added as an introduced pioneer does not display lower levels of 
ammonia. 
 
Table 21  Environmental characteristics collected at major sampling points using API 




pH Ammonia Nitrate Nitrite Hardness Alkalinity 
Pre-
Treatment 
-1 7.0 0.1 120 0.3 300 1.5 
A.hydro 8 7.8 2.0 0 0 300 4 
S.rhizo 8 7.0 0.5 0 0 300 2.5 
Brevi 8 7.0 2.0 0 0 300 2.5 
Control 8 7.0 2.0 0 0 250 2.5 
Not Rinsed 8 7.0 0.5 0 0 100 1 
A.hydro 48 6.8 4.0 0 0 425 2.5 
S.rhizo 48 7.2 4.0 0 0 425 3.5 
Brevi 48 7.0 4.0 0 0 425 2.5 
Control 48 7.2 4.0 0 0 425 3.5 
Not Rinsed 48 7.2 2.0 0 0 300 2.5 
A.hydro 240 8.2 8.0 0 0 425 4.8 
S.rhizo 240 8.0 8.0 0 0 425 4.8 
Brevi 240 8.0 8.0 0 0 425 4.8 
Control 240 8.0 8.0 0 0 425 4.8 
Not Rinsed 240 7.4 4.0 0 0 425 2.5 












Table 22  Correlation of water chemistry with community changes over time. 
𝑅2 refers to how much of the data variation is explained by the characteristic, and p-
value is obtained from permutations (<999).  All variables were significantly correlated 




pH 0.2756 0.001 
Ammonia 0.2508 0.001 
Nitrate 0.5043 0.001 
Nitrite 0.1273 0.009 
Hardness 0.2386 0.001 






Figure 39  NMDS of all ESVs using Bray-Curtis distance, and the correlation of water 
chemistry and samples. 
Treatment is represented by different shapes, time is represented by different colors, and 







Figure 40  Homogeneity of pre-treatment, drift and treatments at 240 hours. 
Groups are different at 240 hours (ANOVA; p = 1.12e-05).  Shown is within group mean 
and standard deviation of beta diversity measured by Bray-Curtis distance.  Treatments 
are represented by different colors and lines represent standard deviation.  Grouping 







Skin Carrying Capacity 
Fish skin microbiome bacterial load is important to determine the stable number 
of microbes on the skin, which is the carrying capacity of the ecosystem.  The same CFU 
trend is seen in as the previous chapter, where after 240-hrs, the carrying capacity of the 
fish skin returns to pre-treatment levels.  The rinsing method shows to be a strong method 
of disruption by lowering CFUs about 90%.  Exposure to the introduced pioneer species 
affected the carrying capacity of the fish skin by increasing the total CFUs almost 100-
fold after 8 hours on treated groups, while the control group counts were still depressed 
from the rinse. This can be explained by invasion of the pioneers from the water column 
into the skin microbiome. Microbiomes exhibit competitive exclusion to prevent foreign 
microbes from invading and/or establishing into the community, and this has been 
observed across many model organisms, including mosquitofish (Bauer et al., 2018; 
Leonard et al., 2014; Wiles et al., 2016). Exclusion is likely lowered here by the rinse, 
since ~90% of the microbiome is removed.  The Not Rinsed group had water transfer, 
which is less disruptive, and within 8 hours in recovery, counts are similar as pre-
treatment levels.  Even after being disrupted, fish skin CFU recovers quickly from 
disruption and seems to return to a stable carrying capacity at 240 hours, consistent with 
the E.coli chapter. 
Consistent with Brumlow et al., 2019, there is a strong overgrowth effect seen at 
48 hours in recovery. This was observed both in this experiment and in the previous one 
with E. coli.  Overgrowth is not caused by the introduced pioneers. Overgrowth at 48 




greater disruptions may result in greater overgrowth. Overgrowth is not an artifact of 
rinsing, as other disruptions (multiple antibiotics, disinfectants, rapid temperature change) 
also cause overgrowth (Carlson et al., 2015; Carlson et al., 2017; Brumlow et al., 2019). 
Most published studies on the microbiome include 16S rRNA gene sequencing data, 
which is normalized, thus there is no measurement of total bacterial abundance. Of 21 
published studies that include fish skin microbiome data, only four (three used plate 
counts and one used digital droplet PCR) included total abundance (Gomez and Primm, 
review in progress). With this lack of data across the microbiome field, the overgrowth 
effect cannot be generalized. We do know that specific groups of organisms can bloom in 
relative abundance after disturbance in the most-studied microbiome, the human gut. For 
example, members of Enterobacteriaceae often bloom after antibiotic treatment, and 
sometimes Clostridium difficile can bloom; however, in many of those studies done in 
mice, the bloom might be only relative, not in absolute numbers (not determined). Again, 
the reasons for the bloom, whether relative or absolute, are yet unclear. We have not yet 
identified any biochemical characteristic that is common to the natural pioneer organisms 
(Chryseobacterium in the first run and Aeromonas in the second, other studies in our lab 
revealed Myroides or Aeromonas) that bloom during the overgrowth phenomenon. That 
is a target for future study. 
Fish Skin Microbiome Alpha Diversity 
A significant issue in community ecology is to know that your experimental 
sampling is representative of the actual community. If sequencing samples exhibited high 
coverage and almost all organisms in the skin community were sampling, Good’s 




be very close to the observed numbers of taxa. With poor coverage, Good’s coverage 
would be lower and Chao1 estimates would be much higher than the observed number of 
taxa. Given the high number of quality sequences in each sample, the high Good’s 
numbers, and the similarity of observed ESVs with Chao1 estimates, the skin 
microbiomes were well covered in this study. 
The total number of ESVs (termed alpha diversity or richness) in all rinsed groups 
was lowered dramatically. Loss of richness is commonly observed in other microbiome 
studies following antibiotic treatment or other disruptions. Again, water transfer is a less 
severe disruption, with a smaller loss of richness since the number of observed ESVs is 
lower, yet it has the highest observed ESVs from all the groups at 8 hours in recovery. 
Interestingly, while the total counts return back to pre-treatment levels, the number of 
observed ESVs does not return to pre-treatment levels in any of the groups, remaining 
significantly lower. Given that drift also has significantly lower richness (t-test; p = 
0.021), some of the observed lower richness may be due to the dynamic nature of the skin 
microbiome (Larsen et al., 2013; Chiarello et al., 2018; Roux et al., 2019). Richness does 
have an increased trend over time after the rinse, suggesting that the recovery process 
does include a return of taxa.   
As shown on Figure 25, at 240 hours in recovery, there are no differences in the 
observed ESVs among the groups (Dunn’s test; p > 0.05) despite being rinsed or not 
rinsed.  The richness of the Pre-Treatment and Drift from the treatment groups at 240 
hours in recovery may be due to acclimation time of two weeks in aquarium water; 
perhaps, if fish were sampled at a much later time, the richness would be the same as all 




As seen on Figure 26, the Pre-Treatment group SDI starts high suggesting a 
balanced community distribution of ESVs before treatment.  Also, treated groups have 
lower SDI, which is expected because of the rinse protocol and dominance by one taxon.  
Lower SDI caused by the rinsing method is seen only by the control group, thus 
supporting that rinsing affects the community drastically.  Interestingly, the Not Rinsed 
group at 8 hours in recovery, despite having lower richness, does not have a different SDI 
compared to Pre-Treatment group (t-test; p-value = 0.4878).  At 240 hours, the Drift 
group observed ESVs and SDI are not different from Pre-Treatment group observed 
ESVs and SDI (Dunn’s test; p > 0.05), showing that taxon richness and distribution is 
stable in the aquarium water.  There is no difference in SDI of treated groups at 240 hours 
in recovery (Kruskal-Wallis; p = 0.176), strongly suggesting a community balance 
recovery after being disrupted by water transfers.  SDI, to some degree, is a measure of 
evenness, but to quantify how the community is distributed, Simpson’s Evenness was 
used.  At 240 hours in recovery, there is no difference among treated groups.  These 
observations suggest that the fish skin microbiome can be easily disrupted, but it has a 
robust richness resilience. 
Community Composition 
The top 10 most abundant ESV by relative abundance is shown in Figure 30.  At 
8 hours in recovery (pioneer seeding), A8, S8, and B8 groups are dominated by its 
respective by a different ESV (ESV1, ESV2, ESV14, respectively).  Each ESV matched 
the ID of the added pioneers, supporting that the pioneer species was carried on the fish 
skin.  Interestingly, Figure 30 shows increase of ESV1 in the C8 groups, which was a 




by dominance of the taxon Chryseobacterium.  As seen in Figure 31, the natural pioneer 
is in the genus Aeromonas, and differentiation of ESV1 and ESV5 at the genus level 
cannot be done because both are identified in the genus Aeromonas.  The genus 
Aeromonas is present in many fish datasets (Butt et al., 2019), and much of the 
Aeromonas seen in this data is probably native Aeromonas already present on the fish.  
From the 16S data, we can infer ESV1 is A. hydrophilia (the added pioneer), but we 
cannot exclude the possibility of A. hydrophilia also being classified as other ESVs.  
Also, at 48 hours in recovery (dominance by natural pioneer), we see some ESV1 and 
ESV5 as part of the dominant taxa of C48 and N48 groups (never exposed to the 
introduced pioneer).  Furthermore, multiple abundant ESVs (ESV3, ESV4, and ESV 8) 
are identified as Aeromonas, further suggesting that multiple native Aeromonas species 
may be already present in high abundance in the native fish skin microbiome.  Therefore, 
discrimination between introduced and natural strains cannot be determined.   
The natural pioneer is the taxon Aeromonas because it dominates in relative 
abundance in all groups at 48 hours in recovery, as shown by Figure 31.  Uniquely, S. 
rhizophilia at 48 hours is also present at high abundance, unlike the other two introduced 
pioneers, suggesting S. rhizophilia interacts with Aeromonas in a different way than the 
other genera.  Also, S. rhizophilia (mostly ESV2) remains a dominant taxon at 240 hours 
in recovery as seen by Figures 30 and 31.  This is the only introduced pioneer observed to 
“resist” the natural pioneer and to remain abundant after recovery. 
The term core microbiota is defined variously across the microbiome field.  For 
this research, the most strict definition was taken, with core being present (relative 




which is ~0.77% of the richness found across all 75 samples.  Within the six ESVs, there 
are only three genera, Aeromonas, Flavobacterium, and Chitinimonas, and their relative 
abundance has high variance and no clear pattern across all samples.    
Beta Diversity 
The Bray-Curtis distance of all ESVs was calculated in order to visualize sample 
clustering by NMDS.  The “Pre-Treatment” group is a measure of the initial community 
composition.  At 8 hours in recovery, groups greatly disperse on the NDMS, which is 
expected as they are dominated by the introduced pioneers.  Also consistent with the 
E.coli chapter, groups become disperse at 8 hours in recovery.  By 48 hours in recovery, 
groups are dominated by the natural pioneer, where groups become closer to each other.  
At 240 hours in recovery, despite different treatments, all groups cluster together, 
suggesting that community composition is very similar across groups and suggesting 
introduced pioneer species did not affect the recovery of the microbiome.  Interestingly, 
despite clustering of groups at 240 hours in recovery, community composition are 
different from each other.  The “Drift” group is different from “Pre-Treatment” group 
suggesting that the fish skin microbiome is dynamic even in the aquarium water.  Also, 
the “Drift” sample has less homogeneity, which may be due to loss of fish density in the 
aquarium tank.  Fish skin bacteria are in constant interaction with the water column and 
can be affected by surrounding water pH (Sylvain et al., 2016).  Therefore, differences 
seen in the fish skin microbiome at 240 hours might be a due to pH differences among 
Pre-Treatment group, Drift and treated groups.  The water chemistry is very similar in all 
treated groups at 240 hours, which may explain the similar clustering, yet their beta 




beta diversity is also different.  These results suggest that there might be other factors in 
shaping microbiome composition.  In fact, more studies are finding that host-microbial 
interactions and even microbial interactions themselves are very dynamic and could have 
a greater contribution to microbial assemblages in mammals and plants (Copeland et al., 
2015; Kaiko & Stappenbeck 2014; LaSarre et al., 2020; Longford et al., 2019; Sommer et 
al., 2017; Venturelli et al., 2018).  Therefore, focusing on microbial interactions should 
give researchers a more complete understanding of microbial successions.  
Additionally, introduction of pioneer species did not inhibit dominance of the 
natural pioneer Aeromonas across all groups, suggesting that domination by one taxon 
might be predetermined in the starting community.  As seen in both series of 
experiments, the natural pioneer bloom was not affected by the introduced pioneer, 
whether it was native or not.  These series of experiments support succession model B 
from Connell and Slayer, 1977, where more competitive community members already 
present at the start are not affected by incoming species.  One of the limitations of the 
first experimental run was that K12 is non-native, putting it at a disadvantage in the fish 
skin environment, which could be a possible explanation of Chryseobacterium taking 
over the community.  However, in the second run, the three introduced pioneer species 
were all native, yet the recovery communities were still dominated by Aeromonas.  Note 
that we can’t distinguish between the introduced and the native ESVs of Aeromonas. 
Previous experiments have shown the overgrowth effect of different taxa across different 
disruptions, suggesting that dominance by one taxon could be somehow predetermined 






16S Gene Copy Number (GCN) 
While the 16S profile method is powerful and has given researchers new insights 
into microbial diversity, a serious limitation in 16S data is the variation in 16S rRNA 
gene copy number (GCN) across bacteria.  Within published full genomes, bacteria vary 
from one to 21 copies of the 16S gene (rrnDB, Stoddard et al., 2015).  Thus, the 
normalized abundance of identified sequences in 16S data does not directly convert to 
abundance of the corresponding genera.  The normalized data is biased towards bacteria 
with high GCN.  Tools have been developed that attempt to correct the problem of 
different GCN and to improve accuracy of microbial surveys, yet it remains an issue and 
differences in GCN can add significant noise to the data (Kembel et al., 2012; Louca et 
al., 2017).  Previous studies concluded that the sequence databases as of 2017 were still 
insufficiently complete to accurately adjust community 16S sequence data for GCN 
variation. Starke and Morais (2019) argue that to identify the noise from GCN variation, 
standard bacterial mock communities should be included in experiments.  A mock 
community was not included in these experiments, therefore, it is hard to assess noise of 
16S gene sequence.  Looking within the rrnDB and other published full genomes, we can 
estimate GCN in our most abundant genera.  In the rrnDB, there are 23 entries for 
Aeromonas hydrophila, and of those, 21 have ten copies of the 16S per genome, the 
others have 11 copies or 9, thus the average GCN is clearly ten.  Since in the entire 
database, the mean GCN is 5.0 ± 2.8 (for 15,829 genomes), the true abundance of 
Aeromonas is likely overrepresented by about double.  Small variations in sequence can 




explains multiple ESVs representing one genus.  Stenotrophomonas rhizophilia has only 
one entry in the database, with two 16S copies.  There are 36 genomes within the genus 
Stenotrophomonas in the database, with 3.58 ± 0.77 copies per genome.  Thus, this genus 
may be slightly underrepresented in abundance compared to other genera.  There are 11 
entries for Brevibacterium, and all but two have four 16S copies (3.9 ± 0.7 copies per 
genome).  Thus, it may also be mildly underrepresented in abundance counts.  
Flavobacterium is highly diverse as a genus for GCN.  The database has 40 entries, with 
GCN ranging from one to 13, with a mean of 4.88 ± 2.58 copies per genome.  So while 
the mean GCN is near the overall bacterial mean of five, there is not a lot of confidence 
given the broad range.  For reference, E. coli strain K12 has seven copies. 
Fish Stress, Gender, and Heterogeneity 
Another factor not measured was stress and how it could affect fish skin 
microbiome dynamics.  It has been noticed that stress can induce a variety of 
physiological responses in fish and mammals (Butt et al., 2019; Davis et al., 2016; Sudo, 
2014; Tamsyn et al., 2019; Uren et al., 2019).  Gambusia affinis skin changes in shade 
(darker) when they are stressed, yet it is only qualitative, and the rinse protocol does 
induce darkening and stress on the fish. Cortisol levels have been extensively used to 
assess stress in fish from different tissues and cortisol levels affect the fish gut 
microbiome and alter mucus composition in the gut, they do not seem to affect skin 
microbiome composition (Kulczykowska, 2019; Uren et al., 2019).   
Gender was not tracked when sampling fish in this study.  Some studies have 
found differences in the gut microbiome composition between males and females in 




(2016) there were differences in SDI and richness, but they did not statistically measure 
beta diversity.  Females were most of the samples because of size, but there was no 
accurate count of gender for this experiment. 
Unlike many microbiome models, the fish used in these experiments are wild 
caught, which increases sample heterogeneity and is a known source of error (Malone et 
al., 2014).  In microbiome studies, it is well understood the role of the immune system 
affects the interaction of microbes and its host (Nagao-Kitamoto & Kamada, 2017), and it 
is known that even homogenous populations of mice could have different gut microbiome 
compositions (Laukens et al., 2017).  In fish, skin microbiome seems to be shaped by the 
host and environmental factors (Larsen et al., 2013; Xavier et al., 2019).  In these 
experiments, the same fish species was used, and fish were initially kept in the same 
water condition throughout the experiment, yet fish genetic variation can be a source of 
error that was not accounted for. 
Water Chemistry and Microbiome Function 
Microbiome function has been increasing in importance in the last few years as 
more studies shed light on the significance of metabolites produced by microbes (Heintz-
Buschart & Wilmes, 2016; HMP, 2012; Lozupone et al., 2012; Milshteyn et al., 2018; 
Sharon et al., 2014).  Bioproducts generated by microbes are recycled and transformed 
extensively, and as microbial diversity increases, so does metabolic complexity (Morin et 
al., 2018).  Therefore, microbiome studies should be expanded by proteomics and/or 





Environmental characteristics measured in these experiments were also limited.  
As the fish skin microbiome is in constant contact with the water column, it is expected 
water chemistry may have an influence in shaping the skin (Sylvain et al., 2016).  
Multiple studies have shown differences in community composition between fish skin 
microbiome and the surrounding water column (Chiarello et al., 2018; Krotman et al., 
2020; Uren et al., 2019).  The interactions between the skin microbiome and water 





This series of experiments show that the fish skin microbiome can be easily 
disrupted.  As described by Christian et al (2015), ecological communities can respond to 
disturbances in four major ways.  Resistant communities have no change in composition, 
resilient communities change and then return to the original state, redundant communities 
change composition but have the same functions, and altered communities change and do 
not return. In these series of experiments, fish skin communities are not resistant to 
disturbance because all treatment groups, including the not rinsed group have 
compositions significantly different from pre-treatment.  The fish skin microbiome is 
resilient as far as carrying capacity and community diversity (alpha measurements) 
among groups from different treatments. However, it is not resilient in terms of 
community composition (beta diversity), as this does not return to the pre-treatment 
composition under any treatment, even the not rinsed group.  The drift group is also 
distinct despite samples being fed the same amount of food, and not being manipulated in 
the original aquarium water.  Thus, even without an overt disturbance, the skin 
microbiome is not resistant or resilient to change over time.  Insertion of introduced 
pioneer species do alter final community composition compared to the control.  There is 
not enough data to conclude whether the fish skin microbiome is functionally redundant 
as the biochemical tests were limited in discrimination.  Disturbance did alter the 
community composition, which did not return to pre-treatment state. Again, functional 
alteration cannot be reliably assessed.  The fish skin microbiome is highly dynamic, 
reflected by changes in microbiome composition in the drift samples and the small 0.8% 




composition is affect by pioneer species) is supported by significant differences in beta 
diversity between all treated groups at 10d compared to pre-treatment.  The richness was 
also lower in the 10d treated communities compared to the pre-treatment.  Note there 
were no significant differences in CFU level or evenness or Shannon’s Diversity Index 
between the 10d treated groups and pre-treatment samples.  This may suggest the 
microbiome community has alternative stable states.  Further, community drift in the 
same environment also generated a significant difference in composition.  Hypothesis 
two cannot be concluded.  There were not many changes in the biochemical profile 
between groups, making interpretation limited, and no clear pattern can be seen across 
treatments.  By not being able to support or reject hypothesis two, hypothesis three 
cannot be concluded either.  Full metabolomics profiles may be needed to accurately 
assess community biochemical profile and possibly predict function of climax 
community. 
For a species to be defined as foundation, it must be abundant and interact with 
many other species within the community.  The three pioneers were all abundant after 
introduction (at 8 hours), but varied afterwards.  Aeromonas was 11.1% in relative 
abundance in the pre-treatment group, and was 3.0% in the Aeromonas-exposed group at 
10 days, after recovery.  It was also 2.0% in the drift and 1.9% in the control rinsed 
group, yet 8.0% in the S. rhizo-exposed group, suggesting some positive interaction.  
Conversely, the abundance of Stenotrophomonas was not increased in the 10d 
Aeromonas-exposed group compared to control.  While Aeromonas does maintain 
abundance after the disruption, it cannot be discerned if this is the natural strain from the 




during mid-recovery (66.5% at 48 hours in the exposed group) and at the end (5.5% after 
10d).  However, Brevibacterium does not remain abundant, declining from 74% 
abundance at 8 hrs to 0.2% at 48 hours to only 0.05% at 10 d.  Thus it fails to display this 
trait of a foundation species.  However, addition of all three of these pioneers did result in 
community compositions significantly different from the control after 10d, suggesting a 
foundation effect. 
 
Figure 41  Foundation effect recovery pathway after pioneer species inoculation. 
 
A recovery pathway model (visualized above) may explain these results. The pre-
treatment community (PT) has a certain composition and functions. A strong disruption 
(illustrated as a lightning bolt) lowers total numbers and diversity and begins the process 
of secondary succession. The community follows a certain pathway of recovery to reach 
the new climax community (A). If an introduced pioneer is added just after the 
disruption, that pathway is altered and a different climax community is reached (B). This 
pathway change may be caused by changes in nutrients caused by the biochemical 
functions of the introduced pioneer, or by positive/negative interactions of that pioneer 
with other species in the community, or both. What is evidence from these experiments 




recovered community for this community to be different. While Aeromonas and 
Stenotrophomonas are abundant above 0.1% in their final communities at 10d, neither E. 
coli nor Brevibacterium are, yet the community composition is different from control is 
each case. This suggests action early in the recovery pathway rather than at the 10d itself. 
For the environmental parameters measured, no difference was seen between 10d 
communities between control or any of the three introduced pioneers (Table 21). 
However, at the 8 hour timepoint, the microbiomes dominated by Stenotrophomonas had 
a much lower ammonia level (0.5 vs 2.0 ppm) than the control. This fits with the 
metabolic capability of this organism as a denitrifier. By 48 hours, the level of ammonia 
in both cases is 4.0 ppm. Perhaps that temporary depletion caused a pathway change. 
This can be tested by experimentally manipulating ammonia concentrations during 
parallel recovery trials in the future. Future experiments can also monitor potential 
degradation products of mucin (the predicted major microbial food source), including 
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